
applied  
sciences

Review

Selenium-Containing Polysaccharides—Structural Diversity,
Biosynthesis, Chemical Modifications and Biological Activity

Sandra Górska , Anna Maksymiuk and Jadwiga Turło *

����������
�������

Citation: Górska, S.; Maksymiuk, A.;

Turło, J. Selenium-Containing

Polysaccharides—Structural

Diversity, Biosynthesis, Chemical

Modifications and Biological Activity.

Appl. Sci. 2021, 11, 3717. https://

doi.org/10.3390/app11083717

Academic Editor: Ilaria Cacciotti

Received: 18 February 2021

Accepted: 9 April 2021

Published: 20 April 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/).

Department of Drug Technology and Pharmaceutical Biotechnology, Medical University of Warsaw, Banacha 1 St.,
02-097 Warsaw, Poland; sandra.gorska@wum.edu.pl (S.G.); anna.maksymiuk@wum.edu.pl (A.M.)
* Correspondence: jadwiga.turlo@wum.edu.pl; Tel.: +48-22-5720647; Fax: +48-22-5720631

Abstract: Selenosugars are a group of sugar derivatives of great structural diversity (e.g., mo-
lar masses, selenium oxidation state, and selenium binding), obtained as a result of biosynthesis,
chemical modification of natural compounds, or chemical synthesis. Seleno-monosaccharides and
disaccharides are known to be non-toxic products of the natural metabolism of selenium compounds
in mammals. In the case of the selenium-containing polysaccharides of natural origin, their formation
is also postulated as a form of detoxification of excess selenium in microorganisms, mushroom, and
plants. The valency of selenium in selenium-containing polysaccharides can be: 0 (encapsulated
nano-selenium), IV (selenites of polysaccharides), or II (selenoglycosides or selenium built into the
sugar ring to replace oxygen). The great interest in Se-polysaccharides results from the expected syn-
ergy between selenium and polysaccharides. Several plant- and mushroom-derived polysaccharides
are potent macromolecules with antitumor, immunomodulatory, antioxidant, and other biological
properties. Selenium, a trace element of fundamental importance to human health, has been shown
to possess several analogous functions. The mechanism by which selenium exerts anticancer and
immunomodulatory activity differs from that of polysaccharide fractions, but a similar pharmacolog-
ical effect suggests a possible synergy of these two agents. Various functions of Se-polysaccharides
have been explored, including antitumor, immune-enhancement, antioxidant, antidiabetic, anti-
inflammatory, hepatoprotective, and neuroprotective activities. Due to being non-toxic or much less
toxic than inorganic selenium compounds, Se-polysaccharides are potential dietary supplements that
could be used, e.g., in chemoprevention.

Keywords: selenium-containing polysaccharides; Se-polysaccharides; Se-glycosides; selenates; Se-
supplementation; organoselenium

1. Introduction

Polysaccharides are macromolecules that are extremely interesting due to their re-
markable structural diversity and, consequently, functional versality. Their structure is
much more complex than that of other natural macromolecules, proteins, and nucleic acids.
Polysaccharides are composed of more than 10 monomers—monosaccharides; their num-
ber ranges from 11 up to several thousands. Polysaccharides may consist of a single type of
monomer (homoglycans) or of different monomers (heteroglycans), and each unit can be
linked to others in multiple ways. Consequently, they can form straight or branched chains,
create cyclic forms, contain a protein component, lipid, etc. It can be therefore concluded
that there is an infinite number of combinations of polysaccharide structures [1,2].

The result of the structural diversity of polysaccharides is their functional versatility.
There are great differences in physical and chemical properties of polysaccharides, includ-
ing solubility; viscosity; swelling capacity; resistance to acids, bases, and enzymes; and
chemical character (acidic, basic, neutral) [1], which also contribute to their versality.

Biological activity of polysaccharides is also diverse, as they possess a wide range of
pharmacological activities: antioxidative, antitumor, antimicrobial, antiviral, anti-obesity,
hypolipidemic, antidiabetic, hepato-protective, and others [3–5].
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The modification of the polysaccharides’ structure carried out by biotechnological or
chemical methods may cause a significant change in their biological activity [6–9]. For exam-
ple, incorporation of selenium (Se) in the polysaccharide molecules is one of the currently
explored methods of modifying the structure and activity of these compounds [10–13].

Selenium is one of the trace elements that are of fundamental importance to human
health, being part of the antioxidant enzymes that protect cells against the effects of free
radicals [14–18]. It plays an important role in a number of biochemical functions in humans
and animals, such as antioxidant, immune function, reproduction, and thyroid hormone
metabolism. Selenium appears to be a key nutrient in cancer prevention and inhibition
of HIV progression to AIDS [19–25]. The important health effect of selenium is related
to its impact on the immune system. Numerous reports on the immunomodulatory and
antiviral activity of preparations containing selenium show that supplementation with
this micronutrient may be beneficial for both prevention and treatment of viral infections,
including coronaviruses [26,27]. The mechanism by which selenium exerts antioxidant,
anticancer, and immunomodulating activity differs from that of polysaccharides, but a
similar pharmacological effect suggests a possible synergy of these two agents. This has
led to a growing research interest in Se-polysaccharides in recent years, particularly the
methods of incorporating selenium into the carbohydrate structure and the structure–
activity relationship of these compounds.

The approach to the problem of the Se-polysaccharides presented in the current review
is based precisely on the analysis of the structure of these compounds and related changes
in biological activity. To our knowledge, an extensive analysis of the chemical structures
of seleno-carbohydrates (with a broader analysis of possible ways of incorporating sele-
nium into the sugar structure), and the reference of these data to the currently known
selenopolysaccharides, has not yet been presented.

2. Biologically Active Polysaccharides—Structure and Function

In the recent decades, natural polysaccharides isolated from bacteria, algae, fungi,
and higher plants have attracted attention in the fields of nutrition and medicine [28]. The
reasons include their broad spectrum of biological and pharmacological activity combined
with low toxicity and rare negative side effects [29]. Many of them have been used for
hundreds of years in traditional medicine. Further, some of the natural polysaccharides are
already used as auxiliary substances, drug carriers, blood substitutes, and pharmacologi-
cally active compounds [30–32].

The polysaccharides showing immunomodulatory and anti-tumor properties are of
particular interest [4]. Biological activity of polysaccharides results from direct inhibition
of the neoplastic cells survival (cytotoxic activity) and from indirect mechanisms involving
the activation of the immune system (immunostimulating activity). Detailed characteriza-
tion of the structure of polysaccharides showing immunomodulatory effect is challenging;
however, the most frequently mentioned parameters include molecular weight, monosac-
charide composition, type of glycosidic bond, degree of cross-linking, conformation of the
molecule, and modification in the structure of the molecule (carboxymethylation, sulfona-
tion, aminopropylation, hydroxyethylation, phosphorylation, element incorporation into
the molecule) [13,33–37]. The higher the molecular weight of a polysaccharide, the greater
its chance of effective binding to a receptor or binding protein, which triggers the immune
response or tumor cell apoptosis [38]. According to the literature data, the polymers of
glucose and mannose show the highest immunomodulatory activity [39], which can bind
to the receptors specific to these polysaccharides [40].

Additionally, polysaccharides with a predominance of β-(1-6) glycosidic bonds show
weaker activity than those with predominant β-(1-3) bonds in the main chain [41,42]. Both
too low and too high a degree of branching of the molecule results in a decrease of the
activity of the polysaccharide [43]. A greater number of side chains are associated with a
tighter conformation of the helix, which makes polysaccharides difficult for the receptors
to recognize [44]. Moreover, the degree of branching of the most biologically active β-(1-3)-
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glucans is 0.20–0.33 [45]. Furthermore, the conformation of polysaccharides is related to
the spatial arrangement of the atoms that determine the shape of the chain. The triple-helix
conformation provides strong immunostimulatory effects of β-D-glucans by promoting the
release of TNF-α by macrophage cells [46]. It must be admitted that the structure–activity
relationships proposed by the above-cited authors work well only for a fairly homogeneous
group of β-D-glucans, but not for all currently known immunoactive polysaccharides.

The section below describes the biological activity of the polysaccharides isolated
from various natural sources.

2.1. Bacterial Polysaccharides

Bacteria have the ability to synthesize biopolymers, which are divided into intracellu-
lar polysaccharides (CPS) and extracellular polymeric substances (EPS) according to their
localization and function in the cell [47]. The main function of CPS is the structural support
of the bacterial cell wall, but EPS have strong antioxidant properties and application in can-
cer therapy, antimicrobial and antiviral activities, and antioxidant and cholesterol-lowering
effects [48]. K5PS is a heparin-like envelope polysaccharide of Escherichia coli that inhibits
the metastasis of human breast cancer and murine melanoma cells [49].

The source of bioactive polymers showing antiproliferation activity is Paenibacillus
polymyxa rods, which secrete polysaccharides of the levan-type, consisting mainly of β-
D-fructofuranosyl residues connected by 2,6-bonds with 2,1-branches [50]. Moreover,
Rhizobium papillary bacteria contain polysaccharides with the structure of a-glucans and
a skeleton composed of glucose molecules linked by 1,4-bonds with 1,6-branches, which
inhibit the formation of neoplasms in mice [51].

In recent years, there has been an increased interest in curdlan, insoluble in water lin-
ear beta-1,3-glucan, a high-molecular-weight polymer of glucose, obtained for the first time
from Alcaligenes faecalis [52]. Curdlan has anti-cancer and anti-inflammatory properties
and also supports wound healing [53]; its reaction mechanism is based on the interac-
tion with the dectin-1 receptor present in dendric cells, macrophages, and monocytes.
Further, it stimulates the immune system and enhances the phagocytosis process and
production of TNF-α, IL-6, and ROS [54]. In addition, symbiotic polysaccharides of Bac-
erioides fragilis, presented in intestinal dendritic cells, activate CD4 T cells and stimulate
the production of cytokines [55], while the polysaccharide from Paenibacillus polymyxa has
an anti-proliferative effect, and its derivatives formed as a result of acetylation show even
stronger biological activity [28].

A commercially used biopolymer is dextran, a high molecular weight water-soluble
glucose polymer released by Leuconostoc mesenteroides. Dextran is used as a drug carrier to
inhibit cancer cells and reduce the toxic effects of drugs [56].

Many cyanobacteria are able to release easily recoverable polysaccharides into the
culture medium. Most cyanobacterial polysaccharides show an anionic nature, due to
the presence of uronic acids and other charged groups such as pyruvyl or sulfate [57].
Numerous publications describe exopolysaccharides produced by cyanobacteria Spirulina
platensis, considered by some researchers to be microalgae. Polysaccharides extracted from
of S. platensis are water-soluble; it has been proven that they have antitumor, antioxidation,
antiaging, and antivirus properties [58]. Rajasekar et al. investigated the structural charac-
terization and bioactive potential of sulfated polysaccharides from S. platensis and isolated
a fraction containing glucose, rhamnose, xylose, fucose, mannose, and galactose as main
sugars with Mw of 1016 kDa [59].

2.2. Algal and Lichen Polysaccharides

Rather for practical reasons than according to the official taxonomy, algae, a com-
plex group of photosynthetic organisms, are divided into multicellular marine organisms
(red—Rhodophyta, brown—Phaeophyceae, and green—Chlorophyta, algae) and unicel-
lular microalgae [60]. In general, the polysaccharides are the main components of algal
biomass, and in contrast to terrestrial plants, the polysaccharides of all the marine algae are
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sulfated [61]. Due to the large number of biologically active algal polysaccharides, only a
few examples of structures, mainly with immunomodulatory and anti-tumor activity, will
be described in this short section. This arbitrary choice is due to the main interest in the
synergism of selenium and such polysaccharides.

Fucoidan is a polysaccharide isolated from various species of brown algae (Phaeo-
phyceae), with a high pharmacological potential [62]: immunostimulating, anticancer,
anticoagulant, antiviral, antibiotic, anti-inflammatory, and antioxidant activity [63,64]. The
biological activity of fucoidan depends on the organisms from which it is isolated. It has
been proven that Fucus vesiculosus polysaccharides inhibit the production of TNF-α, but
fucoidans isolated from Undaria pinnatifida induced TNF-α, showing cytotoxic activity
against a tumor cell line [65]. Additionally, fucoidans show activity towards bone marrow
mononuclear cells (BMCs), protecting them against apoptosis [66]. There are two types of
fucoidan molecules, containing a backbone of (1-3)–linked α-L-fucopyranose residues or (1-
3)-linked α-L-fucopyranose and (1-4)-α-linked-L-fucopyranose residues [67]. Additionally,
the molecules may be modified by linking with sulfate (VI) residues [68]. The structure of
fucoidans includes monosaccharides such as fucose, galactose, glucuronic acid, mannose,
or glucose [69]. Laminarans are 1,3-β-D-glucans, isolated from the brown algae Saccha-
rina cichorioides, that have proven anti-cancer activity. Laminarans in combination with
radiation therapy may have a positive effect on the treatment of human breast cancer [70].

Polysaccharides isolated from Sargassum latifolium have a specific cytotoxic activity
against lymphoblastic leukemia [71]. Further sulfonated polysaccharides isolated from red
seaweed Champia feldmannii have been shown to inhibit the development of sarcoma, in
studies carried out with mice [72]. Moreover, carrageenans—sulfonated galactans derived
from Chondrus ocellatus, linear high-molecular-weight water-soluble D-galactans, consisting
of alternately arranged units of α-D-galactopyranose and β-D-galacopyranose, linked by
1,3- and 1,4-glycosidic bonds, increased the antitumor effect of fluoroaracil [73]. Since
the high molecular weight of the native lambda-carrageenans decreases their solubility
and limits their bioactivities, Zhou et al. obtained microwave-degraded low-molecular
weight lambda-carrageenans, which could add the antitumor activities of 5-fluorouracil
and improve the immunocompetence damaged by this chemotherapeutic [74].

One of the best-known representatives of the sulfonated polysaccharides, isolated
from red algae, is porphyran isolated from Porphyra capensis or Porphyra hairanensis. A
typical porphyran chain consists of alternating β-D-galactose, α-L-galactose-6-sulfate, and
3,6-dehydro-α-galactose units. Other sulfonated polysaccharides with similar structure,
agarans, were isolated from Polysiphonia strictissima, Polysiphonia abscissoides, Polysiphonia
nigrescens, and Polysiphonia atterima; however, the agaran backbone may be interrupted by
different O-linked substitutions in addition to sulfate, including methyl and xylosyl groups.
Sources of such polymers are also Acanthophora spicifera and Gracilaria corticata [75,76].

The major sulfonated polysaccharide isolated from green algae is ulvan. The structure
of this polysaccharide is complex and includes sulfo-groups, rhamnose, xylose, glucuronic
acid, and iduronic acid. The ulvan chain is comprised of rhamnose sulfate molecules linked
by an α-1,4 bond of glucuronic or iduronic acid. In turn, the algae, Codium fragile and
Codium cylindrium, contain even more complex and branched galactans [76].

The anti-cancer activity of marine microalgae has not yet been thoroughly investigated;
however, it was reported that microalgae extracts (e.g., Attheya longicornis, Chaetoceros
socialis, Chaetoceros furcellatus, Skeletonema marinoi, and Porosira glacial) may be also a source
of bioactive anti-cancer polysaccharides [77].

The polysaccharides isolated from lichens are mainly α-glucans, β-glucans, galac-
tomannans, and complex heteroglycans. The first isolated lichen polysaccharides were
lichenan and isolichenan from Cetraria islandica. Lichenan and pustolan, isolated from
Evernia prunastri, and several polysaccharides obtained from Cora pavonia and Collema lep-
tosporum, are classified as β-glucans, while isolichenan is a representative of α-glucans. The
biological activities of lichens’ polysaccharides are antiviral, antitumor, and immunostimu-
lating [78]. It was also reported that lichenan and isolichenan-rich polysaccharide-fractions
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have anti-tumor activity. Similar properties were found for polysaccharides isolated from
Usnea runescens and Lasallia pensylvanica; moreover, polysaccharides derived from Evernia
prunastri show activity against sarcoma 180 cells [79]. Lichenan and other lichen-derived
β-glucans have an immunostimulating effect by inducing the release of cytokines, reactive
oxygen species, and nitric oxide. These polysaccharides also stimulate the release of arachi-
donic acid metabolites involved in inflammatory reactions [80]. Moreover, it was confirmed
that α-glucan from Ramalina celastri induces apoptosis and leads to cell death [79].

2.3. Fungal Polysaccharides

Several members of the Basidiomycota division (as well as some of the Ascomycota),
often referred to as the “higher fungi”, can produce immunomodulating, hepatoprotec-
tive, antimicrobial, antioxidant, hypoglycemic, and hypolipidemic substances, which are
usually β-glucans, but also heteroglycans or proteoglycans [81–84]. Numerous mushroom
polysaccharides are considered biological response modifiers (BRMs) [85]. Fungal polysac-
charides may be used as a non-invasive form of cancer treatment due to their ability to
induce a non-specific response of the immune system against cancer cells. Further, this
capacity is also evident against viral and bacterial infections and inflammation [86]. They
stimulate macrophages, T lymphocytes, and NK cells to produce cytokines (TNF-α, Il-1b,
IFN-γ), which have the ability to inhibit cancer cell proliferation and apoptosis [87]. The
best polysaccharides tested for immunomodulatory properties were branched β-(1-3)-D-
glucans, containing a backbone of β-(1,3)-D-glucose residues to which β-(1,6)-D-glucose
side groups are linked via glycosidic linkages. The most well-studied immunomodulating
branched β-D-glucans are lentinan from Lentinula edodes [88–90] and schizophyllan isolated
from Schizophyllum commune [91,92]. The structures of lentinan and schizophyllan are
similar, but the molar mass of lentinan is significantly higher: lentinan has an average
molecular weight of around 500 kDa, while schizophyllan is in the range of 100–200 kDa.
Both β-glucans acquire a triple helical conformation in solutions. They are also both used
as immunological adjuvants during chemotherapy, radiotherapy, radio-chemotherapy,
and hormone therapy for various malignant tumors. Although they do not have a direct
cytotoxic effect on cancer cells, they are effective in treating cancer of the stomach, colon,
lung, breast, and cervix in combination with conventional medications. Both glucans are
non-toxic. Their action is more effective if given in the early stage of neoplastic disease de-
velopment [93]. Many other fungi can biosynthesize immunoactive, branched β-D-glucans,
mainly constituting the building blocks of their cell wall. They include: Ganoderma lucidum
(ganoderan) [94–96], Pleurotus ostreatus (pleuran) [97,98] Grifola frondosa (grifolan) [99], and
several others.

In addition to the above-described immunoactive, branched β-D-glucans, fungi
produce numerous biologically active polysaccharides with different monosaccharide
composition and types of glycosidic bonds: homo- and heteroglycans. For example,
Ye et al. determined the structure of a immunoactive proteoglycan isolated from G. lu-
cidum fruiting bodies, with a main chain of 1,6-α-galactopyranoside-, 1,2,6-trisubstituted-
α-galactopyranoside-, 1,3-disubstituted-β-glucopyranoside-, and 1,4,6-tri-substituted-β-
glucopyranoside-groups, with branches of 1-β-glucopyranoside- and 1-α-fucopyranoside-
residues [100]. In turn, two immunostimulating heteroglycans have been isolated from
Agaricus blazei fruiting bodies, which are composed of glucose, galactose, and man-
nose [101]. Moreover, A. blazei mycelium cultivated in liquid cultures excretes an ex-
tracellular antitumor proteoglycan with high molecular weight (1000–10,000 kDa), which
was composed of mannose, glucose, galactose, and ribose groups [102]. One of the most suc-
cessful therapeutic mushroom polysaccharides, which has been marketed as an anticancer
drug (in combination with chemotherapy), krestin (polysaccharide-K, PSK) derives from
the edible mushroom Coriolous versicolor (Trametes versicolor) [103]. It is a low-molecular-
weight proteoglycan, containing glucose as a major monosaccharide, but other sugar
residues are also present, such as mannose, fucose, xylose, and galactose. The main chain
of PSK is made of β-(1,4)-glucopyranoside, with β-(1,6)-glucopyranosidic side-chains at
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every fourth glucose unit [103,104]. Another source of therapeutic (immunomodulatory
and antidiabetic) polysaccharides is the edible medicinal Tremmella mushrooms. Tremella
polysaccharides are composed of a linear backbone of α-(1,3)-D-rhamnose, with side groups
of xylose and glucuronic acid. These polysaccharides are acidic, with a pH of 5.1–5.6 in
aqueous solutions [105–107]. Extracellular acidic heteroglycans from filtrates of Tremella
species, in turn, are characterized by an α-(1-3)-mannan backbone with β-linked side
chains. They contain xylose, arabinose, mannose, galactose, glucose, and glucuronic acid
residues [106].

Other examples are highly branched galactomannans, which have been purified from
fruiting bodies of Cordyceps sinensis. Their main chain contains predominantly (1,2)-α-D-
mannopyranose-groups, with branches of (1,3)-, (1,5)-, and (1,6)-linked D-galactofuranose
and (1,4)-D-galactopyranose residues [108].

A list of so-called “medicinal mushrooms” capable of biosynthesis biologically active
polysaccharides is long, and includes nearly 270 species [96]; therefore, it is impossible to
list all types of active polysaccharides of fungal origin in a short paragraph in this review.

2.4. Plant Polysaccharides

Among the chief components of herbal medicines, polysaccharides are responsible for
various pharmacological immuno-stimulatory, antiviral, antioxidant, antitumor, hepato-
protective, neuro-protective, and other potentials [109].

Numerous natural polysaccharides found in herbs, often components of the plant cell
wall, are known to stimulate the human immune system. The activation of macrophages
by plant polysaccharides results from recognition of polysaccharide by TLR4 (toll-like
receptors), CR3, and scavenger receptors. The studies on the polysaccharides from Aloe
barbadenis showed that acetylated mannan isolated from aloe has the ability to increase
the production of monocytes [110]. In addition, Astragalus membranaceus polysaccharides
(α-(1-4)-D-Glucans with α-(1-6)-branches) have the ability to inhibit the proliferation of
tumor cells by regulating p53 expression. Additionally, they strongly induce the process of
erythropoiesis through gene modulation, expression of γ-globin mRNA, and the synthesis
of fetal hemoglobin [28]. Further, angelan is a pectin polysaccharide isolated from the
roots of Angelica gigas, which reduces the adhesive capacity of neoplastic cells and has
the ability to induce the maturation of dendritic cells [28], while fructan isolated from
the root of Achyranthes bidentata shows a dose-dependent effect on the growth of Lewis
lung cancer in vivo. Lower doses of this polymer inhibited tumor growth, as anti-tumor
activity of A. bidentata is associated with inhibition of the tumor cell cycle. However, in
higher doses, it can also cause stimulation of tumor growth due to NK dysfunction and
an increase in the amount of interleukin-6 and TNF-α [111]. Polysaccharides isolated
from P. ginseng, co-responsible for the biological activity of ginseng preparations, are
mainly composed of starch-like glucans: α-D-(1,4)-glucans, 6-branched α-D-(1,4)-glucans,
3-branched α-D-(1,6)-glucans, α-D-(1,6)-glucans without side chains, and pectin, mainly
composed of homogalacturonan, rhamnogalacturonan, and arabinogalactans [112,113].

It was reported that the PS, isolated from the root of Panax ginseng, can inhibit the
proliferation of human bladder cancer T24 tumor cells and lactate dehydrogenase release.
In addition, they have also significantly hampered cell migration and invasion. It was
reported that polysaccharides isolated from P. ginseng induced the peritoneal macrophages
(PMs) activity against K562, HL-60, and KG1α cells. The mechanism was involved with
increasing the expressions of CD68, increasing the level of TNF-α, interleukin-1 (IL-1), and
IL-6 [114–116]. In a like manner, the polysaccharides and glycoproteins are compounds
partly responsible for the immunostimulatory effect of Echinacea sp. The polysaccharides
and glycoproteins, which have been isolated from E. purpurea and E. angustifolia, are
inulin-type fructans, acidic arabinogalactans, arabinogalactan-protein complexes, rham-
noarabinogalactans, and xyloglucans [117].
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3. Organoselenium Compounds

Selenocarbohydrates belong to organoselenium compounds, as they contain carbon-
to-selenium chemical bonds. Organoselenium compounds include both natural metabolites
of microorganisms, plants or animals (seleno amino acids, selenoproteins, selenosugars),
and numerous synthetic compounds [118].

The toxicity and bioavailability of selenium strongly depend on its chemical form [119].
Numerous studies show that organic Se sources, such as selenomethionine, are assimilated
more efficiently than inorganic Se, such as selenite, and inorganic Se species are more
toxic than organic Se species. At the same time, naturally occurring Se compounds, such
as animal and plant metabolites, are less toxic than artificial Se compounds [120,121].
Consequently, it can be predicted that Se-polysaccharides with a natural origin might be
characterized by low toxicity and good selenium accessibility.

3.1. Physiological Functions of Se

Selenium is one of the key micronutrients required to maintain a cellular redox state
as well as to control cell proliferation and survival. As a component of the amino acid
selenocysteine, selenium is incorporated in about 35 selenoproteins [122]. Some of them
have important enzymatic functions [123], but the roles of many others have not yet been
fully elucidated [124]. The selenium-dependent enzymes with selenocysteine at the active
site, such as glutathione peroxidases, thioredoxin reductases, and iodothyronine deiodi-
nases, have biological functions in oxidoreductions, redox signaling, antioxidant defense,
and thyroid hormone metabolism [125]. Selenium also appears to be important for the
methylation of DNA, which is known to control gene expression and thus proliferation and
differentiation; however, the exact mechanism of this interaction is not yet known [126,127].
Selenium has additional important effects on the immune response that are not exclusively
associated to enzymatic activity. Even in a selenium non-deficient population, the sup-
plementation of this micronutrient appears to stimulate the immune response [128,129].
This may be attributed to the stimulation of many cellular immune functions, including
increased natural killer cell activity, as well as protection against oxidative stress–induced
damage to immune cells [130–132]. Selenium appears to be a key nutrient in cancer preven-
tion, although reports on this subject are not clear [133,134]. Nevertheless, Se is important
in the prevention and treatment of several viral infections including RNA viruses [135,136]:
it boosts Th1-type host immunity against viral infections [137] and appears to prevent the
evolution of more virulent strains of some viral pathogens [138,139].

3.2. Selenium Species, Bioavailability, and Effects of Excess and Deficiency

Selenium is an essential element with a narrow safety margin: essential to humans in
trace amounts, but highly toxic when in excess. It has one of the narrowest ranges among
all the elements between dietary deficiency (less than 40 µg/day) and toxic levels (over
400 µg/day) [140]. The recommended dietary allowance (RDA) of selenium for adults is
55 µg/day, according to the Linus Pauling Institute [141]. The tolerable upper intake level
advised by the USA is 400 µg/day in the USA [142,143] and 300 µg/day in Europe [144].
However, the recommendations do not take into account that Se can be present in food
(or food supplements) under different chemicals forms, organic or inorganic. These forms
differ in bioavailability and therefore exert different effects on the organism [145,146].

To address this problem, several methods are used to determine selenium bioavail-
ability. These include the measurement of plasma selenium concentration, measurement
of glutathione peroxidase (GPx) activity, and absorption–retention tests following intake
of a specific dose of a selenium compound [147]. Plasma selenium is the most commonly
measured biomarker, reflecting different levels of Se exposure that also respond positively
to intervention. According to the Mayo Clinic Laboratories, the normal concentration of Se
in adult human blood serum is 70 to 150 micrograms per liter [148]. This is indicative of
the adequate dietary intake, above which selenium supplementation is not recommended.
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When concentration of selenium is lower than the recommended 70 µg/L, the sele-
nium intake is inadequate, and there is a risk of diseases related to selenium deficiency.
In this case, supplementation of this element is recommended. Conversely, excessive
selenium intake leads to a serum concentration higher than the recommended Se (over
150 µg/L−1), and there is an increased risk of diseases related to selenium excess. The
U-shaped relationship between the concentration of selenium in human serum and the
biological effects expressed as disease risk is particularly interesting [17]. The optimal
selenium serum concentration (70–150 µg/L) is indicative of the adequate dietary intake, in
which case selenium supplementation is not recommended. Both the excess and deficiency
of selenium have several common negative health effects, i.e., increased mortality, type 2
diabetes, and increased prostate cancer risk [18,149–151].

The complete list of the adverse health effects associated to an insufficient sele-
nium intake and Se deficiency is wider and includes Keshan disease [152], Kashin–Beck
disease [153], increased virus virulence [154], increased mortality [150], poor immune
function [131], decreased fertility and reproductive health [17], thyroid autoimmune dis-
ease [155], cognitive decline and dementia [156], type-2 diabetes [149], prostate cancer
risk [151], and colorectal cancer risk in women [157].

A selenium overdose can occur during chronic exposure to high levels of selenium
in food and water. This may occur, for example, during regular snacking on Brazil nuts,
which may contain up to 90 µg of selenium per nut, or participation in clinical trials
where high doses of selenium are given for a long period of time [18], and overdose of Se
food supplements [158]. The effects are similar for both organic and inorganic forms of
selenium [144]. Symptoms of selenium overdose include hair loss, abnormal nails, nausea,
vomiting, diarrhea, rash, fatigue, and nerve damage [159].

To summarize, the beneficial and harmful effects of selenium depend on its dose and
form (speciation). The introduction of the new forms of selenium (e.g., selenopolysaccha-
rides) to be used as selenium supplementation or treatment of various diseases requires
extensive studies on the bioavailability, absorption, and metabolism of this element.

3.3. Organoselenium Natural and Synthetic Compounds

Natural organoselenium compounds are products obtained from the metabolism of
bacteria, fungi, plants, and animals [160]. In the environment (soil, rocks, water), selenium
is present in the inorganic forms, as selenate (SeO4

2−), selenite (SeO3
2−), elemental (Se),

and selenide (Se2−) [161]. During the bioaccumulation in plants, fungi, and bacteria, the in-
organic forms of selenium are incorporated into amino acids like selenomethionine, seleno-
cystine, methylselenocystine, selenocystathionine, γ-glutamyl-Se-methylselenocysteine,
and Se-adenosyl-selenohomocysteine [161]. These forms of selenium can also be methy-
lated and form dimethylselenide, dimethyldiselenide, dimethyl selenone, methylselenol,
and dimethyl selenyl-sulfide [162,163]. Several plant and mushroom species are known to
be good Se-accumulators [164]; however, selenium is not considered an essential micronu-
trient for those organisms as it is for humans. Their ability to accumulate large amounts
of organoselenium compounds may be the result of the detoxification process [165]. In
humans, the inorganic forms of selenium are converted to selenocysteine and incorpo-
rated into selenoproteins or transformed into methylated metabolites, which are excreted
through exhalation, urine, and faeces [166].

Mammals have no efficient mechanism of methionine synthesis. Therefore, they are
also unable to synthesize selenomethionine, which is produced along with methionine in
fungi and plants in quantities dependent on the amount of Se available. Consequently,
selenomethionine, which can be incorporated nonspecifically in body proteins, constituting
the main selenium store, must be supplied in the human diet.

Less known products of selenium metabolism are selenosugars. The major
metabolite in humans (hepatic metabolite) is the selenosugar 1β-methylseleno-N-acetyl-D-
galactosamine [167,168].
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According to Kuehnelt et al., two other selenocarbohydrates may be present in hu-
man urine after ingestion of selenium supplements, and they are 1β-methylseleno-D-
galactosamine and 1β-methylseleno-N-acetyl-D-glucosamine [169].

Several fungi and plant species, grown on the selenium-enriched substrates mainly as
inorganic forms, such as sodium selenite, are able to incorporate selenium into the cell wall
polysaccharides [170,171]. The knowledge about their structures is still fragmentary, and
its current status will be presented in more detail in Section 5.

The number of known synthetic organoselenium compounds is incomparably greater
than that of known natural compounds. In the past three decades, an exponential growth
of organoselenium chemical studies was observed, as well as of the number of reactions
and the variety of selenium compounds [172]. For example, organoselenium compounds
were already used in organic chemistry as an electrophile, nucleophile, or even as a radical
in chemo-, regio-, and stereo-selective reactions [173,174].

The most important types of synthetic organoselenium compounds are diorganodise-
lenides (R-Se-Se-R) [175,176], selenols (R-Se-H) [177], diorganoselenides (R-Se-R′) [178,179],
diorganoselenoxides (R2Se = O) [180–182], selenenyl sulfides (R-Se-S-R′) [183], organosele-
nium halides (R-Se-X, R2SeX2 and R3SeX) [184], selenenic and selenonic acids (R-Se-OH,
R-Se(O)-OH, R-Se(O)2)-OH) [185], and selenic and selenious acid aliphatic and aromatic
and cyclic esters (alkyl and aryl selenates and selenites). In the last 20 years a great
effort has been directed toward the synthesis of biologically active organoselenium com-
pounds as potential antitumor agents [20,21,25,186–191], enzyme modulators [192], antioxi-
dants [193–195], antimicrobials [196–202], antivirals [203–209], and cytokine inducers [210].
Among synthetic organoselenium compounds, selenosugars constitute a large group,
which will be described separately in the next Section 4.

3.4. Selenium in Therapy and Chemoprevention—Traditional and Next Generation of
Se Supplements

Due to the aforementioned beneficial health effects (Section 3.1), selenium compounds
are used in prevention and treatment (as adjuvant) of various human diseases, such as sev-
eral types of cancers, immune disorders, bacterial and viral infections, and cardiovascular
diseases [211,212]. Nevertheless, the previously described U-shaped relationship between
selenium dose and disease (Section 3.2) indicates that a daily intake of Se higher than that
recommended leads to disease promotion.

The recommended plasma selenium concentration (an indicator of recent selenium
intake) assures a balanced expression of bioactive selenoproteins, which act mainly as
oxidoreductases, redox signal regulators, or thyroid hormone activators [213,214]. How-
ever, the overexpression of selenium enzymes and excess formation of bioactive selenium
metabolites results in pathophysiological effects [214,215].

As stated above, selenium bioavailability depends largely on the form (organic versus
inorganic) and the origin of the supplement (natural versus synthetic). However, the health
implications of selenium intake are also related to its epigenetic effects [127,216]. All those
factors suggest the need for a more personalized selenium supplementation; however, this
approach is difficult to implement, as selenium preparations are freely available on the
market as dietary supplements and nonprescription medicine.

Currently, the most widely used selenium supplements are (i) inorganic forms, such
as sodium selenate and selenite; (ii) elemental selenium; and (iii) several organic sele-
nium forms, such as selenomethionine and selenized yeast (rich in selenomethionine).
Some reports describe other types of synthetic organic selenium supplements, such as
phenylselenocysteine, methylseleninic acid, and selenocyanate [217,218]. These supple-
ments, however, are not optimal and sometimes are even hazardous, given that selenium
is easy to overdose on [160,219,220].

The search for selenium preparations with reduced toxicity, higher bioavailability,
and controlled release led to the development of a “new generation” of selenium supple-
ments [214]. Such next-generation selenium dietary supplements are based on selenium
zerovalent nanoparticles encapsulated into polysaccharides [221] and selenium polysaccha-
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rides [13,222]. These selenium forms are not yet officially used as selenium supplements;
however, the available information suggests that they have a history of safe use [214]. The
big advantage of these selenium species is the slow release of active selenium forms. which
results in a low risk of overdose. Synergistic biological effects of polysaccharides and
selenium [223] could also make them more suitable for personalized supplementation.

4. Selenosugars: How Selenium May Be Bound to the Carbohydrate Structure

Selenosugars are a complex group of organoselenium compounds. They differ con-
siderably in the type of selenium binding, valency, and degree of oxidation. They can
beclassified as Se-alkylselenides and Se-arylselenides, selenopyranoses, selenofuranoses,
selenoglycosides, selenonucleosides, selenoesters, and others. Selenosugars are derivatives
of mono-, di-, oligo-, and finally, polysaccharides, that can be obtained by various methods
(synthesis, biosynthesis, chemical modification of natural compounds), and differ in their
biological activity. Several of them are currently being intensively studied as a non-toxic
and highly bioavailable source of organic selenium [224].

Currently, the largest and best studied group of selenosugars are Se-monosaccharides
and their derivatives. However, the exact knowledge of the structure and selenium bonding
in many of the currently explored Se-polysaccharides is still missing. The following brief
overview of the types of selenium bonding in selenosugars may be used for prediction of
the probable structures of novel Se-polysaccharides.

4.1. Selenopyranoses and Selenofuranoses

Selenopyranoses and selenofuranoses are cyclic forms of carbohydrate derivatives,
with the ring oxygen replaced by a selenium atom: a polyhydroxytetrahydroselenophene
or selenane derivatives [224].

In general, selenopyranose and selenofuranose derivatives are obtained by chemical
synthesis, starting from appropriate monosaccharides [225–227]. Most of them were syn-
thesized as potent water-soluble selenium derivatives able to act as potential antioxidants
with expected good oral bioavailability [228,229].

Numerous selenosugars have also been investigated for their capacity as glycosidase
inhibitors. Glycosidases catalyze the hydrolysis of glycosidic linkages and are suitable
targets for development of anti-type 2 diabetes, anticancer, and antiviral agents [230–232].
The selenosugars bearing selenium atoms in their ring positions, synthesized by Davies
and Shiesser (2019) as part of the program aiming at developing powerful water-soluble
antioxidants, are particularly interesting [233]. Several of them, as expected, proved to be
powerful antioxidants. 1,4-anhydro-4-seleno-D-tallitol (Figure 1c) seems to have a privi-
leged structure: it acts not only as an efficient scavenger of multiple biologically important
oxidants, but also exhibits the ability to repair damaged skin tissue, including accelerating
healing of diabetic wounds, and is capable of decreasing endothelial dysfunction arising
from diabetes [233].
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4-seleno-hexofuranose (1,4-anhydro-4-seleno-D-talitol) (c) and 1,5-anhydro-5-seleno-hexopyranose
(1,5-anhydro-5-seleno-D-mannitol) (d).

Se-nucleosides are a specific group of carbohydrates with selenium bound in the sugar
backbone. They cannot be converted into the corresponding nucleotides due to hampered
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capacity for enzymatic phosphorylation. Most of the Se-nucleosides are biologically not
active; however, the selenonucleoside developed by Jeong et al. showed antitumor activ-
ity against paclitaxel-resistant prostate cancer [234,235]. Regarding the selenopyranose
derivatives of natural origin, the polysaccharides containing selenium atoms in their ring
positions were investigated using the XAS (X-ray absorption spectroscopy) method [39].

4.2. Se-Glycosides

Selenoglycosides are members of the selenosugar family in which the bridging oxygen
of the glycosidic bond is replaced by selenium [236]. (Figure 2).
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The Se-glycosidic bond is resistant to enzymatic hydrolysis; therefore, selenoglycosides
can act as inhibitors of glycosidase enzymes [237,238]. This type of sugars found application
in disaccharide and oligosaccharide synthesis as glycosyl donors, where an arylselenyl
group introduced at the anomeric position functions during glycosylation as a leaving
group (Figure 3).
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Using similar synthesis methods, it is possible to obtain selenodisaccharides in which
the bridging oxygen of the glycosidic bond is replaced by selenium (Figure 4), as it
happened in Nanami et al. experiment [239]; the first examples of the synthesized α-
selenoglycosides that link to the carbon in the sugar ring were obtained.
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Most of selenoglycosides are obtained by chemical synthesis. However, three natural
selenoglycosides, identified as derivatives of galactosamine and glucosamine, have been
detected in human urine [167–169]. Kobayashi et al. (2002) stated that selenium was
excreted into mammals’ urine in the form of these selenosugars, when selenium intake was
lower than the toxic level [168] (Figure 5).
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activity revealed that several of them express free radical scavenging activity and there-
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Another example of natural Se-glycoside is a selenium metabolite in the liver—a
glycoconjugated molecule with the unusual Se–S linkage, known as “hepatic metabolite
A” [168] (Figure 6).
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4.3. Se-Alkylselenides and Se-Arylselenides

Se-alkyl- and Se-arylselenides derived from carbohydrates contain an organoselenium
moiety at the non-anomeric position of sugars [200,240,241] (Figure 7). Many of these
synthetically obtained sugar derivatives show biological activity, e.g., antioxidant activity.
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Further, Vargas et. al. (2015) reported synthesis of simple alkylseleno-carbohydrates with
different sugar scaffolds. Screening of the selected compounds for antioxidant activity
revealed that several of them express free radical scavenging activity and therefore can
potentially prevent oxidative damage of proteins and lipids [242].
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Figure 7. Examples of the alkylselenide structures derived from pyranose (a) and furanose (b),
synthesized by Vargas et. al. [242].

4.4. Se-Esters

Carbohydrates, as polyhydroxy aldehydes or ketones, contain several hydroxyl groups
that may react with an appropriate acidic compound, resulting in the formation of sugar
esters. Among them are the selenious acid esters. The selenylation (esterification/acylation
with selenious acid) reaction may be conducted, for example, using the HNO3–Na2SeO3
method [243] (Figure 8).
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Formation of the selenious acid sugar esters is a method widely used for the prepara-
tion of Se-polysaccharides containing selenium at the fourth oxidation state and will be
further described in the next section (Section 5).

5. Selenium-Containing Polysaccharides
5.1. Divalent, Tetravalent, and Zerovalent Selenium in Polysaccharide Structure

The current literature shows that selenium in Se-polysaccharides may be di-, tetra-,
or zero-valent, depending on the nature of the compound and the type of chemical bonds
or interactions. Divalent selenium was found in selenoglycosides or selenopyranoses [13],
tetravalent in selenites of polysaccharides (selenious acid esters) [244], and zerovalent in
selenium nanoparticles encapsulated into polysaccharides [245]. However, the structures
of numerous selenium-containing polysaccharides described in the literature have not
been conveniently studied yet. Certain structural analyses were limited to examining
only the amount of selenium bound to the polysaccharide structure, without taking into
consideration its chemical environment. Moreover, conclusions regarding selenium binding
(oxidation degree, chemical bonds, chemical environment) in some of the published reports
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were based on insufficient data (e.g., only IR spectra). Unraveling the chemical environment
of selenium in selenoorganic compounds requires advanced analytical methods. The
principal techniques that should be used for the characterization of selenium-containing
molecules are mass spectrometry, X-ray crystallography, Se NMR spectroscopy, X-ray
absorption spectroscopy (XAS), and several others [118,214].

However, the structurally undefined Se-polysaccharides are a relevant research subject,
as the introduction of selenium into their structure often has significant effects on the
biological activity.

5.2. Se-Glycosides and Selenopyranoses

As explained in Section 4, in most of the selenosugars and their derivatives, e.g., se-
lenopyranoses, selenofuranoses, selenoglycosides, selenonucleosides, and Se-alkylselenides,
selenium is divalent. Most of the selenosugars containing divalent selenium are small
molecules obtained by chemical synthesis. However, as previously described, four natural
selenoglycosides, identified as derivatives of galactosamine and glucosamine, have been de-
tected in human urine [167–169]. The results of research conducted by Kobayashi et al. [168]
suggested that the major selenium metabolite in mammals urine is a selenoglycoside
(Figure 5a). Therefore, since mammals are capable of selenium sugars biosynthesis, in
which selenium is glycosidically bound, it is highly probable that plants, fungi, and mi-
croorganisms may also have such capability. In fact, multiple reports describe the ability of
these organisms to accumulate selenium in the structure of polysaccharides.

The isolation of selenium-containing polysaccharides from fungi [13,108,246–249],
algae, and microorganisms [250,251] has been widely described.

In a series of studies on selenium-enriched mycelial cultures of the medicinal mushroom
Lentinula edodes, Turlo et al. proved that mycelium effectively accumulated Se from the cultiva-
tion medium enriched in sodium selenite [252,253] and that selenium was also incorporated
into the mycelial polysaccharides [171,254]. Further, Malinowska et al. (2018) [39] isolated a
selenium-containing polysaccharide-protein fraction from the Se-enriched mycelial cultures
of L. edodes composed of glucose and mannose, containing 190 µg Se/g dry weight. X-ray ab-
sorption of fine structure (XAFS) spectra analysis in the near edge region (XANES) confirmed
that selenium in the Se-polysaccharide structure is divalent and organically bound. The
simulation analysis in the EXAFS (extended X-ray absorption fine structure) suggested that
selenium is bound in a β-1,3-, α-1,4-glycosidic linkage or substitutes oxygen in a pyranosidic
ring (Figure 9).

Appl. Sci. 2021, 11, x FOR PEER REVIEW 15 of 42 
 

containing molecules are mass spectrometry, X-ray crystallography, Se NMR spectros-
copy, X-ray absorption spectroscopy (XAS), and several others [118,214]. 

However, the structurally undefined Se-polysaccharides are a relevant research sub-
ject, as the introduction of selenium into their structure often has significant effects on the 
biological activity.  

5.2. Se-Glycosides and Selenopyranoses 
As explained in Section 4, in most of the selenosugars and their derivatives, e.g., se-

lenopyranoses, selenofuranoses, selenoglycosides, selenonucleosides, and Se-alkylseleni-
des, selenium is divalent. Most of the selenosugars containing divalent selenium are small 
molecules obtained by chemical synthesis. However, as previously described, four natural 
selenoglycosides, identified as derivatives of galactosamine and glucosamine, have been 
detected in human urine [167–169]. The results of research conducted by Kobayashi et al. 
[168] suggested that the major selenium metabolite in mammals urine is a selenoglycoside 
(Figure 5a). Therefore, since mammals are capable of selenium sugars biosynthesis, in 
which selenium is glycosidically bound, it is highly probable that plants, fungi, and mi-
croorganisms may also have such capability. In fact, multiple reports describe the ability 
of these organisms to accumulate selenium in the structure of polysaccharides. 

The isolation of selenium-containing polysaccharides from fungi [13,108,246–249], al-
gae, and microorganisms [250,251] has been widely described.  

In a series of studies on selenium-enriched mycelial cultures of the medicinal mush-
room Lentinula edodes, Turlo et al. proved that mycelium effectively accumulated Se from 
the cultivation medium enriched in sodium selenite [252,253] and that selenium was also 
incorporated into the mycelial polysaccharides [171,254]. Further, Malinowska et al. (2018) 
[39] isolated a selenium-containing polysaccharide-protein fraction from the Se-enriched 
mycelial cultures of L. edodes composed of glucose and mannose, containing 190 μg Se/g 
dry weight. X-ray absorption of fine structure (XAFS) spectra analysis in the near edge 
region (XANES) confirmed that selenium in the Se-polysaccharide structure is divalent 
and organically bound. The simulation analysis in the EXAFS (extended X-ray absorption 
fine structure) suggested that selenium is bound in a β-1,3-, α-1,4-glycosidic linkage or 
substitutes oxygen in a pyranosidic ring (Figure 9). 

 
Figure 9. The hypothetical local structures around Se in Se-polysaccharide [39]: (a) 1,3-Se-β-D-glycosidic bond in glucan 
chain, (b) 1,4-Se-α-D-glycosidic bond in mannan chain, and (c) Se in glucopyranose ring. 

Figure 9. The hypothetical local structures around Se in Se-polysaccharide [39]: (a) 1,3-Se-β-D-
glycosidic bond in glucan chain, (b) 1,4-Se-α-D-glycosidic bond in mannan chain, and (c) Se in
glucopyranose ring.
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According to the calculations performed with Gaussian 03 software, incorporation of
selenium cause deformations in the polysaccharide structure, including change in bond
lengths and torsion angles, and, as a result, disappearance of hydrogen bonds in the
vicinity of the selenium atoms [13]. This modification may affect the interaction with
specific polysaccharide receptors and introduce changes in the biological activity [11].

5.3. Se-Esters—Selenites and Diselenites of Polysaccharides

The esterification of polysaccharides with selenious acid results in formation of
polysaccharide selenites, esters of selenious acid (Figure 8). Under appropriate condi-
tions, practically all native polysaccharides, as polyhydroxy aldehydes or ketones, may
react with H2SeO3 or Na2SeO3 in an acidic environment to yield the polysaccharide se-
lenites. In these compounds, selenium is tetravalent and in the fourth oxidation state,
so it retains the redox properties typical for this oxidation state [118]. Depending on the
acylation method used and the degree of polysaccharide substitution (DS), the content of
selenium in the polysaccharide molecule may be significantly different.

Currently, the selenylation of natural polysaccharides to selenious acid esters is a
frequent method to obtain selenium-containing polysaccharides. The method most com-
monly used to obtain a selenite from a polysaccharide is using nitric acid and sodium
selenite [255].

In 2009, Ji et al. described the use of this method to introduce selenium into polysac-
charides isolated from Cynomorium songaricum. The maximum selenic content determined
by ICP-AES was 2925 µg/g [256]. In 2012, Wang et al. reported the synthesis of selenium-
containing polysaccharides derivatives from Artemisia sphaerocephala polysaccharide with a
high Se content (1703 µg/g) using H2SeO3/HNO3 and BaCl2 as a catalyst [244]. The C-6
substitution was predominant in selenized polysaccharide, as proven by Raman and (13)C
NMR spectroscopy. The authors have observed a sharp decrease in the molecular weight
of the polysaccharide caused by a degradation of the polymer. The structure of obtained
Se-polysaccharides was studied by using size exclusion chromatography combined with
multi angle laser light scattering (SEC-MALLS) [257].

Several modifications of the above-described method for the acylation of natural
polysaccharides have been described, using nitric acid and selenious acid [258], glacial
acetic acid and selenious acid [259], glacial acetic acid and sodium selenite [258], or sele-
nium oxychloride [259,260]. Using the above-described methods of selenylation, several
research teams obtained biologically active selenites from plant, mushroom, and bacterial
polysaccharides in the last decade. The examples include polysaccharides from Hedysarum
polybotrys [261], Cordyceps militaris [262], Catathelasma ventricosum [263], Enteromorpha prolif-
era [264], Lachnum sp. [265], Atractylodes macrocephala [255], Lentinula edodes [266], Lilum lan-
cifolium [267], Codonopsis pilosula [268], Lycium barbarum [269], Astragalus sp. [270], Hericium
erinaceus [271], Glycyrrhiza uralensis [272], Epimedium sp. [273], Isatis indigotica root [273],
Schisandra chinensis [243], Capparis spionosa [274], Cynomorium songaricum [256], Murus
alba [275], Castanea mollissima [276], Rhizobium sp. [277], Artemisia sphaerocephala [244], Po-
tentilla anserina [278], Lactococcus lactis subsp. lactis [260], garlic [279], tea [280], and others.

In addition to the selenylation method used, the selenium content of selenylated
polysaccharides (102–104 µg/g) [281] also depends on the structure and chemical character
of the native polysaccharide. For example, using the same selenylation method, the ability
to incorporate selenium into lily polysaccharides (11,770–39,780 µg/g) [267] was 26–88-fold
higher than that of Murus alba polysaccharides (452 µg/g) [275].

Selenium polysaccharides obtained with those methods exhibit a broad spectrum
of biological activity, e.g., antioxidant, antibacterial, anti-hyperlipidemic, anti-diabetic,
antitumor, hepatoprotective, neuroprotective, anti-inflammatory, antifibrotic, immunomod-
ulatory, and immunoenhancing activity. This subject will be widely discussed in a separate
section (Section 7).
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5.4. Polysaccharide Encapsulated Nanoselenium

Zero-valent selenium (0 oxidation state) in the form of selenium nanoparticles (SeNPs)
has attracted research attention thanks to its high bioavailability, lower toxicity—it is lower
than that of inorganic and organic forms of selenium (e.g., SeNPs have seven-fold lower
toxicity than sodium selenite), and controlled Se release [214,282–285]. As a result, SeNPs
carry a lower risk of excess Se supplementation.

According to the IUPAC definition, a nanoparticle is a particle of any shape with
dimensions in the 1× 10−3 to 1× 10−1 micron range [286]. This wide range of nanoparticle
sizes results in differences in their properties, with smaller particles showing a greater
cellular intake and activity [287–289]. Hence, Desai et al., (1997) observed that in vitro
absorption of 0.1 µm particles of SeNPs was found to be 2.5 and six times higher when
compared to 1 and 10 µm particles, respectively [288]. Thus, when considering preparation
of the potential drugs and dietary supplements, an appropriate particle size should be
chosen. However, selenium in the form of nanoparticles is unstable and easily transformed
into an inactive form [289], which necessitates the use of stabilizing agents in SeNPs
solutions. These solutions may be stabilized and modified by various polymers, such as
chitosan [290,291] and other polysaccharides [44,45,292–297], proteins [293,294], or their
combinations [298–300].

The stabilizing agents, such as polysaccharides, may play a dual role in the SeNPs
formulations, as they can also improve the bioavailability and biological activity due to the
synergistic effect of SeNPs and polysaccharides [301]. Polysaccharide-stabilized SeNPs may
be obtained by chemical methods, e.g., by reduction of selenites in the solution containing
polysaccharides [302], or by biological and biotechnological methods—extraction from the
plant, fungal, algal, or microbial material grown in media enriched in selenium compounds,
preferably sodium selenite [303,304]. The reduction of selenium to elemental nanoselenium
in organisms is thought to be a form of detoxification and elimination of selenium excess,
where part of the reduced elemental selenium becomes linked to the polysaccharides in the
cell wall of the cultured organism [39].

Polysaccharide-encapsulated nanoselenium may have a wide range of biomedi-
cal applications. Its exerts antimicrobial activity [305], anticancer effects [306,307], en-
hanced hypoglycemic effect [308], protection against diabetic nephropathy [309], anti-
inflammatory effect in arthritis [310], and antioxidant effects [311]; enhances wound heal-
ing effects [312] and anti-diabetic activity [44]; and improves fetal growth and hair follicle
development [313].

6. Methods for Obtaining Selenium-Containing Polysaccharides

The low molecular weight selenosugars may be obtained by a biosynthesis, a multi-
step, enzyme-catalyzed process occurring in living organisms, chemical modification of
natural compounds (semisynthesis, i.e., partial chemical synthesis that uses chemical
compounds isolated from natural sources as starting material) [314], or by a complete
chemical synthesis from simple precursors [315,316]. Due to the enormous complexity
of the polysaccharide molecules, not all of the above-mentioned methods are applicable
to the preparation of the high-molecular weight polysaccharides and Se-polysaccharides:
most of the methods of chemical synthesis of polysaccharides yield compounds with a
limited molecular weight (typically <10,000 g/mol) [317]. The total synthesis of selenium
polysaccharides has not yet been described. However, selenosaccharides with low mo-
lar mass (selenoglycosides) have already shown an application in the disaccharide and
oligosaccharide synthesis that was described in Section 4 (Figure 3).

In conclusion: Se-polysaccharides may be obtained by extraction from natural prod-
ucts, mainly plants and fungi, but also from microorganisms, by biosynthesis with biotech-
nological methods or chemical modification of natural polysaccharides. A separate subject
is the preparation of nanoselenium–polysaccharide complexes, i.e., nanoselenium particles
stabilized (encapsulated) into polysaccharides. All these methods will be discussed below.



Appl. Sci. 2021, 11, 3717 17 of 40

6.1. Extraction from Natural Products

As stated in the previous paragraph, chemical synthesis of high molecular-weight
polysaccharides is practically impossible. Therefore, these compounds are either isolated
from natural sources or obtained by biotechnological methods and, in certain cases, chemi-
cally modified.

Depending on the biological material from which the polysaccharides are extracted,
slightly different extraction conditions have to be chosen [318] due to the different cell wall
structure of bacteria, fungi, and plants. Polysaccharides are mostly soluble in water, but
insoluble in organic solvents; therefore, water is the most common extraction medium [319]
and the base solvent in the acid or alkali extraction and the enzymolysis method [320].

Basically, the Se-polysaccharides are isolated and purified using the same methods
as non-selenium-enriched polysaccharides. Certain differences, observed in our research
on the biosynthesis, extraction, and purification of these compounds, consist in different
solubilities and limitations in the use of aggressive reagents in derivatization processes
(strong acids and bases) due to the instability of some selenium compounds in such an en-
vironment [252,320]. As it has been observed, selenium polysaccharides have lower water
solubility than non-selenated analogues, which thus affects their extraction efficiency [39].

In plants, breaking the cell wall with ultrasound or microwave methods is required
prior to the polysaccharide extraction [321,322]. In mushrooms, on the other hand, the
biologically active polysaccharides (mainly β-glucans) are components of the outer layer of
the cell wall [323]. In this case the extraction of cell wall polysaccharides commonly involves
a pre-extraction with 80% ethanol for elimination of low molecular substances [324].

However, apart from those slight differences, the basic extraction methods are sim-
ilar and include hot water extraction, precipitation with alcohol (ethanol or methanol),
deproteinization, and fractionation, utilizing different methods.

Taking into account the differences in the physical and chemical properties of the
various polysaccharides (Se-polysaccharides), an appropriate extraction method should be
chosen based on the structure and solubility (in water or alkali) of the target compounds.

During the extraction, a transition from gentle to aggressive extraction conditions (pH,
temperature, pressure) is essential. This way the cell wall is gradually destroyed, resulting
in the release of Se-polysaccharides from deeper cell wall layers. Procedures are often
time-consuming and multiphasic [321].

The example procedure for the extraction of the active polysaccharides from mush-
room cultures may involve the following steps. The initial water extraction is carried out
with organic solvents, mainly ethanol, acetone, or a mixture of chloroform and methanol in
order to remove non-polar compounds such as lipids, phenols, and terpenes. The next step
is centrifugation, which produces a supernatant called cold water extract. The residue is
then extracted in boiling water, and the biomass is isolated from the hot water extract by
another centrifugation. The extraction is repeated to increase the yield [325]. The aqueous
extraction residue is extracted with an aqueous base solution (with 2% NaOH or KOH
solutions) at the boiling point [326]. The precipitate is separated by a centrifugation using
NaBH4 to protect against degradation of the end units of the polysaccharide chains. Exactly
the same procedures were used to extract Se-polysaccharides from selenium enriched
mycelium of L. edodes and Hericium erinaceus [11,13,39,249].

After the extraction, the polysaccharides are purified from proteins, amino acids,
monosaccharides, phenolic derivatives, and other molecules. Protein contaminants are
removed using a 20% trichloroacetic acid solution by an enzymatic process using a protease
enzyme, by the Sevage method, or by extraction with a phenolic reagent [326].

Currently, in addition to the above described classical extraction methods, some
modern methods of isolating polysaccharides have been used, e.g., pressurized liquid
extraction (PLE), supercritical fluid extraction (SFE), ultrasound-assisted extraction (UEA),
and microwave-assisted extraction (MAE) [326–328].
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The extracted polysaccharide is in fact a polysaccharide fraction—a mixture of chains
with different degrees of polymerization, sometimes varying monosaccharide composition,
and chemical character. Therefore, fractionation and deep purification are necessary to
obtain a homogeneous polysaccharide (Se-polysaccharide). Based on the purification tech-
niques used, the methods can be divided into three categories: physical, chromatographic,
and chemical precipitation. In most cases, the combination of several separation methods
has to be employed to improve the purification results.

Fractional precipitation may be used to separate polysaccharides with large differences
in solubility and molecular weight [329]. The long-chain quaternary ammonium salt
chemical precipitation method may also be applied [318].

Chromatographic separation by column chromatography is also used, with several
modifications, mostly as an anion-exchange column chromatography and gel column
chromatography [330]. In most cases, anion-exchange chromatography is used in the first
step, followed by gel column chromatography.

Design of the methods for extracting polysaccharide fractions from biological material
may have to consider some unexpected factors. For example, significant differences were
found between the structure of the cell walls of the mycelium of L. edodes cultured by
biotechnological methods and the fruiting bodies of this fungus. These differences were
expressed as a low chitin content and higher exopolysaccharide content in the mycelial cells,
which determine the conditions for the polysaccharide extraction [171]. The enrichment
of the mycelium with selenium also causes significant changes in the structure of the
mycelial cell walls, which is related to the content of polyphenols. These differences
also have an impact on the polysaccharides and ergosterol in the biomass extracts. Such
differences significantly affect the extractability of Se-polysaccharides from the biological
material [171].

6.2. Biotechnological Methods

When considering the biotechnological methods to obtain Se-polysaccharides, the cul-
tures of plants, fungi, algae, or microorganisms are grown in media enriched with soluble
selenium compounds. The culture is then used to isolate selenium-enriched polysaccharide
fractions from the selenium-enriched biomass of the cultivated species (cell wall polysac-
charides and endo-polysaccharides) or from the culture medium (exo-polysaccharides). In
order to isolate and purify Se-polysaccharides from those cultured organisms, the methods
used are the same as for other natural sources. As a result of the transport into the cell and
following enzymatic processes, selenium compounds supplementing the medium may be
incorporated into the structure of polysaccharides, as happens with plants or fungi grown
on substrates enriched with selenium compounds. However, the biotechnological methods
are in many aspects advantageous over the crops cultivation [331].

A major advantage is the shorter time of cultivation in bioreactors, which gives
a significant reduction in the time needed to obtain a comparable biomass. Moreover,
culturing in bioreactors is carried out under repeatable conditions, resulting in a stable
composition of the grown biomass. This facilitates standardization of the preparations, for
example for pharmaceutical use.

Biotechnological processes also use optimized composition of the culture media and
physico-chemical conditions of the culture. This enables regulation of the metabolism of
the cultivated organism and results in a significant increase in efficiency of the biologically
active compounds. Finally, the technology of the biotechnological processes provides
monitoring and maintenance of the biochemical and genetic identity of the strain cultivated
in a fermenter.
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However, there are also serious disadvantages of using of modern biotechnological
methods when compared with crops cultivation or hydroponics. Primarily, not all species
of plants and fungi are capable of growing as efficiently as cell, callus, or mycelial cultures
in bioreactors. Moreover, the cultivation of plants (cell, callus, or tissue cultures) and higher
fungi (mostly mycelial cultures) in bioreactors faces more challenges than the culture of
single-celled organisms. Additionally, the use of biotechnological methods is mostly more
expensive than crops. When using biotechnological methods of cultivation, the costs of
specialized equipment and apparatus, energy, the required specific constituents of the
culture media, highly specialized service, maintaining sterile conditions, etc., are relatively
high. However, in the case of protected plants or fungi, plants growing slowly in crops,
or hydroponic cultivation, coming from climatic zones/regions, where cropping is very
difficult, the choice of the biotechnological methods is favorable. Biotechnological cultures
of ginseng (Panax ginseng CA Mayer) are a good example. Field cultivation of Panax ginseng
is a slow and laborious process; therefore, cell and tissue culture methods have been
explored as potentially more efficient for ginseng biomass and its bioactive components
production [332]. Regardless, the decisive factors in choosing the method of obtaining
biological material, for example, for the polysaccharide isolation, are its implementability
and of course the cost.

A great number of reports have been published on the preparation of Se-polysaccharides
(exo- and endo-polysaccharides) by biotechnological methods. Only a few examples will
be given below.

Selenium-containing polysaccharides were isolated from cultures of fungi, e.g., liquid
cultures of Hericium erinaceum [13], stillage from Cordyceps sinensis [108], mycelia of Catathe-
lasma ventricosum [246], Poria cocos mycelia [247], mycelium of Pholiota dinghuensis [248]
and Lentinula edodes [249], Pleurotus geesteranus [333], and other microorganisms, such
as Spirulina platensis [251], Enterobacter cloacae [250], Pseudomonas sp. [334], Leuconostoc
mesenteroides [335], and many others.

6.3. Chemical Modification of Natural Polysaccharides

In order to improve the physico-chemical or biological properties of natural polysac-
charides, various chemical modification methods, known as for functionalization or diversi-
fication, may be applied [336]. However, the basic properties of the polysaccharide should
be maintained during chemical modification: the polymeric chain has to remain intact or,
in case of its partial degradation, the products still have to be polysaccharides [337]. One of
the widely used methods that may interfere with functionalization and/or diversification
of polysaccharides is esterification or acylation with different reagents [336]. To our knowl-
edge, acylation with selenious acid is currently the only method used for the chemical
selenylation of natural polysaccharides (stabilization of SeNP with polysaccharides is
strictly a non-chemical modification of the polysaccharide structure, and therefore will be
discussed separately). In general, esterification involves the reaction of an alcohol (one of
the saccharide hydroxyl groups) with an acylating agent. Regarding the diversification
reactions, the extent of the process is evaluated by the degree of substitution (DS), defined
as a number of substitutions per monomer unit [336]. The maximum DS depends on the
structure of the polysaccharide and the type of the diversification reaction. For example,
the polyglucopyranose has three hydroxyl groups per monomer that may be acylated;
therefore, the maximum DS achievable by esterification of this polysaccharide would be 3
(Figure 10). In order to introduce a selenium-containing moiety into the polysaccharide
molecule, maintaining the favorable redox properties of selenium in the oxidation state 4,
the polysaccharides should be esterified with selenious acid.
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acylated by selenious acid (DS = 3).

Assuming that the highest DS value for a linear selenite-polyglucan is 3 (Figure 10), it
can be calculated that the theoretical highest amount of selenium accumulated in a molecule
of such Se-polysaccharide is close to 48 × 103 mg/g. A similar DS value and theoretical
maximum amount of accumulated selenium is for each hexose polymer (polyglycan).
In principle, these values depend on the number of hydroxyl groups per mer of the
polysaccharide and may be calculated theoretically for each glycan. This is only a theoretical
value, because complete esterification of all hydoxyl groups of the polysaccharide is very
unlikely; acylation of the primary hydroxyl group at the C-6 position of the monomer is
preferred. In addition, the efficiency of the acylation reaction depends on the structure of
the polysaccharide, including the spatial secondary and tertiary structure.

The most commonly used method to obtain the selenite–polysaccharide is the chem-
ical reaction with nitric acid and sodium selenite [281]. The general procedure includes
the following steps [281]: native polysaccharides are dissolved in nitric acid and react with
sodium selenite in the presence of BaCl2. Then, the solution is neutralized with NaOH, and
Ba2+ ions are removed by precipitation. The product is purified by dialysis, at room temper-
ature, in a dialysis sack with 1 kDa ultrafiltration membrane, against distilled water [255],
yielding the selenite–polysaccharide (selenylated polysaccharide). During the preparation
of the selenites, several modifications of the acylation method may be carried out, including
chemical reactions with nitric acid and sodium selenite [255,265,267–269,271,272,338–340],
nitric acid and selenious acid [258], glacial acetic acid and selenious acid, glacial acetic acid
and sodium selenite [258], and selenium oxychloride [260,261]. In order to improve the
efficiency of selenylation, some additional techniques, such as microwave [341,342] and
ultrasound [262], were already tested. For example, Wei et al. (2019) [343] observed some
beneficial effects after using acidic ionic liquids as catalyst that promoted the selenylation of
polysaccharides. Interestingly, their work showed that a controlled regulation of Se content
and MW (weight averaged molecular weight) could be achieved by adjusting anions in
acidic ionic liquids [343].

In turn, based on the available literature [4,344], Huang et al. [345] suggested that it is
also possible to obtain diselenite or cyclic forms of selenite–polysaccharides (Figure 11) by
use of selenium oxychloride as acylating agent.
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6.4. Encapsulation of Nanoselenium Particles into Polysaccharides

Three methods for preparation of SeNPs are currently used: chemical synthesis [304],
physical procedures [346], and biogenic methods utilizing enzymatic reactions in microor-
ganisms, mushrooms, or plants [347]. The polysaccharide-stabilized SeNPs are currently
obtained by chemical synthesis and biological and biotechnological methods.

Chemical methods using elemental nano-selenium employ the reduction of this el-
ement, mostly from the +4-oxidation state, with a reducing agent in the presence of a
polysaccharide as a capping agent. Encapsulated nanoparticles form in a colloidal suspen-
sion of a characteristic red color. Some selenium precursors are selenious acid, sodium
selenite, or sodium hydrogen selenite; reducing agents include ascorbic acid or reducing
mono and disaccharides, like glucose and galactose [286,302,306–310,348–352]. The process
is conducted in the presence of polysaccharides such as chitosan, glucomannan, acacia
gum, carboxymethylcellulose, or other polysaccharides with different molecular properties
and chain conformations [302,353]. The polysaccharides are used as stabilizers and coating
agents to obtain stable and water-dispersible selenium nanoparticles.

The procedure to obtain encapsulated SeNPs is simple and includes several steps [354]:
(1) adding a vitamin C solution to an aqueous solution of polysaccharides, and mixing
uniformly; (2) adding dropwise, with mixing, a selenium dioxide solution or a selenite
solution; (3) adding water to the solution to obtain a polysaccharide functionalized nano-
selenium hydrosol. The product is stored in the form of sol in an aqueous solution.

Chemical methods of SeNPs preparation are more effective than biological and biotech-
nological methods; however, the risk of presence of toxic by-products unacceptable in
medicinal preparations and dietary supplements led to the development of novel biogenic
methods, typical of green chemistry. In green synthesis, a bioreductive capacity of plant ex-
tracts is utilized for preparation of selenium nanoparticles. The components of the complex
plant extracts (among others polysaccharides) may act as good encapsulating stabilizing
agents and facilitate the formation of stable colloidal nanoparticles [355]. Several plant
extracts were used for the synthesis and stabilization of the SeNPs, e.g., tea extract [45],
aqueous extract of Allium sativum [356], leaf extract of Clausena dentata [357], polysaccharide
solutions extracted from Undaria pinnatifida [358], and leaf extract of Terminalia arjuna [359].
Biosynthesis of encapsulated SeNPs using plant extracts is inexpensive and does not require
any special conditions [304].

Several organisms such as plants, fungi, or bacteria have the ability to convert some
toxic ions to less toxic forms including metal precipitants or formation of NPs [360,361].
This capacity is based on the involvement of oxidoreductases in the detoxification process,
in case of an excess of harmful factors in the environment. The ability to reduce excess
amounts of selenium in the oxidation state +6 or +4 to elemental selenium, often to red
selenium in the form of nanoparticles, has been observed in many organisms. Due to that
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ability, the cultures of microorganisms or mushroom may be used for synthesizing SeNPs
with an ecofriendly approach [362–365].

Several types of bacteria and cyanobacteria cultivated in submerged cultures have
already been used for the biosynthesis of SeNPs, and these include Escherichia coli [366],
Enterobacter cloacae [367], Pseudomonas aeruginosa [368], Klebsiella pneumoniae [369], Zooglea
ramigera [370], Lactobacillus casei [371], Streptomyces sp. [372], Arthrospira [Spirulina] platen-
sis [373], and many others. Further, fungal cultures may be used for in vivo synthesis
of SeNPs. For example, several filamentous fungi species [374], yeast Saccharomyces cere-
visiae [375], Aspergillus terreus [376], Phanerochaete chrysosporium [377], and even higher fungi
such as Lentinula edodes [378] were already used. The list of species used for the production
of SeNPs is much longer, and the species presented above should be treated as examples.
The nanoselenium particles in fungal and microbial cultures may be present inside the cell
or secreted into the culture medium. Depending on the location, they interact with either
the components of the culture medium or the cytosol, leading to natural stabilization of
SeNPs through the interactions with proteins and polysaccharides. Thus, SeNPs stabilized
with polysaccharides can be obtained after extraction from the cultures of mushrooms
or microbes enriched with high concentrations of selenium, as previously described for
L. edodes mycelia [13]. When the selenium content in the L. edodes Se-polysaccharides
was equal to 1045µg/g, the X-ray absorption fine structure (XAFS) spectra analysis in the
near edge region (XANES) confirmed that selenium in the Se-polysaccharides structure
is zerovalent (at 0 oxidation state). The disadvantage of synthesis in vivo by macro- or
microorganisms are the changes of the particle morphology and shape caused by the
diversity of the reducing enzymes in organisms [289].

7. Biological Activity of Se-Polysaccharides

Natural Se-polysaccharides are not common, and the selenium content in their
molecules is very low. Therefore, there is a growing interest in the synthesis of polymers
with a high selenium index [262]. In the process of chemical modification of polysaccha-
rides, the ability of organisms to absorb the microelements present in the culture medium
has been used. Hence, the best way to improve that absorption is the enrichment of
the culture medium with inorganic selenium (e.g., sodium selenite), leading to the in-
corporation of the element into the biopolymer structure and turning it into an organic
form. Selenium compounds resulting from the time-consuming biotransformation method
in fungi, bacteria, plants, and algae are attracting increasing attention due to their high
bioavailability and low toxicity [13,262]. These selenated polysaccharides can thus serve
not only as a new source of selenium, but also as compounds with a new, higher bioactiv-
ity. Se-polysaccharides show a higher immunomodulating, anticancer, antioxidant, and
hepatoprotective bioactivity in relation to the native polysaccharides [10,281] due to the
synergistic effect of selenium and polysaccharides (despite their different mechanisms of
action) [11,39]. In general, along with the increase in selenium content, the bioactivity of
the modified polysaccharide also increases, but this relation is still a subject of research.
The following subsections outline the biological activity of Se-polysaccharides isolated
from bacteria, algae, fungi, and plants.

7.1. Bacterial Se-Polysaccharides

Selenium-enriched exopolysaccharide isolated from Enterobacter cloacae culture medium
increased the proliferation of lymphocytes in mice, indicating that it might be used as
an immunomodulator to increase the cellular and humoral immune response [250]. In
addition, studies by Lu et al. on Enterobacter cloacae confirmed the immunological ac-
tivity of Se-polysaccharides after administration of 840 mg/kg in broilers [12]. Further,
Se-polysaccharides isolated from Lactococcus lactis showed a stronger effect on the im-
mune system than non-selenated polysaccharides, which was manifested by enhanced
macrophage phagocytosis and hemolytic complement activity in mice [379]. Pseudomonas
PT-8 is another strain used in the biosynthesis of selenium-rich polymers. The obtained
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Se-exopolysaccharides (SePEPS) showed higher antioxidant and antiradical activity when
compared to the unmodified biopolymers [334]. In turn, the Se-polysaccharides isolated
from selenium-enriched cultures of cyanobacterium, Spirulina platensis, showed strong
biological activity, dependent on the concentration and chemical form of selenium. It was
discovered that Se-polysaccharide fraction had a protective effect against cadmium-induced
toxicity in vitro and in vivo—in a rat model. The protective effect for Se-polysaccharide
was superior compared to the reference polysaccharide or Na2SeO3 alone. The authors
hypothesize that this effect may be due to the covalent bonding of selenium to polysac-
charide [380]. The results of another study confirmed that supplementing S. platensis
with selenium increases the production of phycocyanins in the bacterial cells [381], and
that those products showed antioxidant, anti-inflammatory, and antitumor properties,
including against a very aggressive non-small-cell lung carcinoma (NSCLC). The last was
investigated in vitro on three typical NSCLC cell lines, NCI-H1299, NCI-H460, and LTEP-
A2; however, without the control (normal cell line) [382,383]. On the other hand, Zhu et al.
found that the Se-polysaccharides isolated from S. platensis reduce the symptoms of sodium
dextran sulfate-induced colitis in mice [384].

7.2. Algal Se-Polysaccharides

The antioxidant and antitumor properties of selenium polysaccharides were also
investigated in algae, such as Sargassum fusiforme (Harv) Setch. In mice with S180 tumor,
selenium-enriched polysaccharides reduced the level of malondialdehyde, while increasing
the activity of catalase, superoxide dismutase, and glutathione peroxidase in the blood,
liver, and heart cells [385]. Additionally, Se-polysaccharides isolated from Ulva fasciata
showed antiproliferative activity against human lung cancer cells A549 [386]. The selenium
nanoparticles encapsulated in Ulva lactuca polysaccharides have also been observed to
reduce the symptoms of sodium dextran sulfate-induced colitis in mice [295].

Data on Se-polysaccharides in microalgae are very limited and concern mainly sele-
nium metabolism in these organisms, as in the work cited below [387].

7.3. Fungal Se-Polysaccharides

Compounds isolated from Hercium erinaceus were modified in order to obtain Se-
polysaccharides. In vitro studies have shown that the use of the modified polysaccharides
induced morphological changes in dendritic cells, increasing the expression of the surface
molecules, key for antigen presentation [271]. Additionally, the Se-polysaccharide isolated
from the mycelium of Ganoderma lucidum showed a tenfold higher inhibitory effect on the
proliferation of human cancer cell lines when compared to the natural polysaccharide [388].
Further, in a study conducted by Wang et al., Se-polysaccharides from Hohenbuehelia
serotina were isolated after the esterification of the polysaccharide with selenious acid [389].
Again, it was shown that the chemically modified compound had a greater antioxidant
capacity than the natural polysaccharide [251]. Furthermore, Se-polysaccharides can
be obtained by supplementing the culture medium used in the biosynthetic process with
selenium, as was the case of Lentinula edodes mycelial cultures, which accumulated selenium
from the culture medium. The incorporation of selenium into the L. edodes mycelium
increased the immunomodulatory activity of the produced Se-polysaccharides that showed
no cytotoxic effects and increased the cell survival [171]. Moreover, the protection test
against oxidative stress induced by the H2O2 exposure showed the antioxidant activity of
a Se-polysaccharide fraction and the reference polysaccharides in HeLa cells. At the same
time, the viability of cells treated with selenium polysaccharides was higher than that of
the native polysaccharides, and the selenium polysaccharide fraction showed a greater
effect on the modulation of the immune response [252].

7.4. Plant Se-Polysaccharides

The immunomodulatory properties of the natural garlic polysaccharides and those
modified with selenium have been compared. The selenation process significantly increased
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the bioactivity of the polysaccharides. Hence, Se-polysaccharides showed a stronger stimu-
lating effect of the cellular and humoral immune system. Further, chickens administered
these Se-polysaccharides showed a higher level of lymphocyte proliferation and a higher
serum antibody titer along with a higher stimulation of Th1 helper lymphocytes to pro-
duce IFN-γ and IL-2 [280]. In addition, the native polysaccharides isolated from the roots
of Hedysarum polybotrys also showed an immunomodulatory effect [261]. However, the
research demonstrated that the H. polybotrys polysaccharides modified with selenium had
a stronger antioxidant effect, reflected by the removal of superoxide and hydroxyl radi-
cals [390]. In another study with a group of rats administered CCl4, the biological activity
of Se-polysaccharides isolated from the root of Astragalus membranoceus was compared
with those of the natural polysaccharides. The results showed that selenopolysaccharides
had a greater efficiency in increasing the activity of SOD, GPx, and MDA. Additionally,
histopathological examination of the liver tissue of the rats confirmed the effectiveness of
Se-polysaccharides in alleviating the inflammation and necrosis of hepatocytes, induced by
the administration of CCl4 by inactivating the Kupffer cells [270]. Research on selenium
polysaccharides derived from Pyracantha fortunaeana showed that they can enhance the
cytotoxic effect of doxorubicin on human breast cancer cells in vitro [391]. Furthermore,
investigation in Se-polysaccharides from Platycodon grandiflorum indicated that selenium-
enriched biopolymers had the ability to protect against oxidative damage induced by
hydrogen peroxide in the pheochromocytoma cells of rats [392]. In another study, tea was
identified as another plant source of bioactive Se-polysaccharides, and its ability to inhibit
the proliferation of S180 in mice was reported to be significantly higher than that of the
Se-yeast (Se-enriched Saccharomyces cerevisiae) [392]. Green tea Se-polysaccharides may
have a positive effect in the treatment of human osteosarcoma and greater antioxidant
activity when compared to the native polysaccharides [170].

8. Se-Polysaccharides—Perspectives

For nearly twenty years, the selenium-enriched polysaccharides have been attracting
great interest among scientists and have become a subject of comprehensive research. As
a result, a large number of selenium-containing polysaccharides of diversified structure,
origin, selenium binding, and oxidation state were obtained with a range of experimen-
tal methods. The biological activity of these compounds was also a subject of detailed
investigation.

These compounds had proven to be very promising in terms of the potential use
in the selenium supplementation and in the adjunctive therapy of many diseases. Se-
polysaccharides are characterized by a low toxicity and a slow release of selenium, which
is a great advantage over the “traditional” selenium supplements. The incorporation of
selenium into a molecule of biologically active polysaccharides significantly enhances their
action, which suggests the synergy of selenium and polysaccharides.

The main weakness of the current research is the lack of a broader look at the problem
of the relationship between the structure and activity of Se-polysaccharides, and especially,
the impact of the selenium binding method into the polysaccharide molecule and its
oxidation degree on its activity. The treatment of seleno-polysaccharides as a structurally
homogeneous group of compounds whose activity is affected only by the amount of
selenium introduced into the molecule, regardless of its chemical environment or the
degree of oxidation, is in our opinion an inappropriate approach. For example, it is difficult
to expect a similar antioxidant effect from Se-polysaccharides containing selenium in the
second, fourth, or zero oxidation state. Selenium compounds are often antioxidants, but
can also act as pro-oxidants depending on their redox properties.

To summarize, it is necessary to use the standard methods of medicinal chemistry in
the research on the preparation and activity of selenium-containing polysaccharides. The
study of the structure–activity relationship requires preparation of a series of compounds
with methodically introduced structural changes. To take a simple example: one could
biosynthesize a selenium analogue of a natural polysaccharide containing glycosidically
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bound (divalent) selenium, then obtain a semisynthetic analog of the same polysaccharide
containing ester-bound selenium (selenite with tetravalent selenium), and, finally, obtain
selenium nanoparticles encapsulated with the same polysaccharide (zero-valent selenium)
by a chemical or a biological method. A comparison of the activity of such selenium-
containing analogues of a biologically active polysaccharide would provide conclusive
data on the influence of “selenium” on the activity of the investigated polysaccharide.
Of course, the study of the structure–activity relationship should consider the complex
analysis of not only the primary structure of the Se-polysaccharide, but also the secondary
and tertiary structure, which are very important in shaping biological activity other than
simple redox properties. The published data shows that the incorporation of selenium
into a polysaccharide molecule causes far-reaching deformation of the molecule. In case of
the receptor activity (binding to the receptor), such changes are extremely important and
should also be carefully investigated.

Regarding the wide scope and diversity of this research subject, the comprehensive
research on the effect of selenium binding on the activity of Se-polysaccharides would
require cooperation across various research centers, mostly specialized in certain methods
of “selenating” polysaccharides.
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Handzlik, J.; et al. Identification of Selenocompounds with Promising Properties to Reverse Cancer Multidrug Resistance. Bioorg.
Med. Chem. Lett. 2016, 26, 2821–2824. [CrossRef]

23. Yu, S.Y.; Zhu, Y.J.; Li, W.G.; Huang, Q.S.; Huang, C.Z.; Zhang, Q.N.; Hou, C. A Preliminary Report on the Intervention Trials of
Primary Liver Cancer in High-Risk Populations with Nutritional Supplementation of Selenium in China. Biol. Trace Elem. Res.
1991, 29, 289–294. [CrossRef] [PubMed]

24. Hehr, T.; Hoffmann, W.; Bamberg, M. Role of sodium selenite as an adjuvant in radiotherapy of rectal carcinoma. Med. Klin. 1997,
92 (Suppl. S3), 48–49. [CrossRef] [PubMed]

25. El-Bayoumy, K. The Protective Role of Selenium on Genetic Damage and on Cancer. Mutat. Res. 2001, 475, 123–139. [CrossRef]
26. Hiffler, L.; Rakotoambinina, B. Selenium and RNA Virus Interactions: Potential Implications for SARS-CoV-2 Infection (COVID-

19). Front. Nutr. 2020, 7, 164. [CrossRef]
27. Chaturvedi, U.C.; Shrivastava, R.; Upreti, R.K. Viral Infections and Trace Elements: A Complex Interaction. Curr. Sci. 2004, 87,

1536–1554.
28. Zong, A.; Cao, H.; Wang, F. Anticancer Polysaccharides from Natural Resources: A Review of Recent Research. Carbohydr. Polym.

2012, 90, 1395–1410. [CrossRef] [PubMed]
29. Khan, T.; Date, A.; Chawda, H.; Patel, K. Polysaccharides as Potential Anticancer Agents—A Review of Their Progress. Carbohydr.

Polym. 2019, 210, 412–428. [CrossRef] [PubMed]
30. Gopinath, V.; Saravanan, S.; Al-Maleki, A.R.; Ramesh, M.; Vadivelu, J. A Review of Natural Polysaccharides for Drug Delivery

Applications: Special Focus on Cellulose, Starch and Glycogen. Biomed. Pharmacother. 2018, 107, 96–108. [CrossRef] [PubMed]
31. Kulicke, W.-M.; Heinze, T. Improvements in Polysaccharides for Use as Blood Plasma Expanders. Macromol. Symp. 2005, 231,

47–59. [CrossRef]
32. Sun, Y.; Jing, X.; Ma, X.; Feng, Y.; Hu, H. Versatile Types of Polysaccharide-Based Drug Delivery Systems: From Strategic Design

to Cancer Therapy. Int. J. Mol. Sci. 2020, 21, 9159. [CrossRef]
33. Bohn, J.A.; BeMiller, J.N. (1→3)-β-d-Glucans as Biological Response Modifiers: A Review of Structure-Functional Activity

Relationships. Carbohydr. Polym. 1995, 28, 3–14. [CrossRef]
34. Okazaki, M.; Adachi, Y.; Ohno, N.; Yadomae, T. Structure-Activity Relationship of (1.RAR.3)-.BETA.-D-Glucans in the Induction

of Cytokine Production from Macrophages, in Vitro. Biol. Pharm. Bull. 1995, 18, 1320–1327. [CrossRef]
35. Surenjav, U.; Zhang, L.; Xu, X.; Zhang, X.; Zeng, F. Effects of Molecular Structure on Antitumor Activities of (1→3)-β-d-Glucans

from Different Lentinus Edodes. Carbohydr. Polym. 2006, 63, 97–104. [CrossRef]
36. Ohno, N.; Miura, N.N.; Chiba, N.; Adachi, Y.; Yadomae, T. Comparison of the Immunopharmacological Activities of Triple and

Single-Helical Schizophyllan in Mice. Biol. Pharm. Bull. 1995, 18, 1242–1247. [CrossRef] [PubMed]
37. Zhang, Y.; Li, S.; Wang, X.; Zhang, L.; Cheung, P.C.K. Advances in Lentinan: Isolation, Structure, Chain Conformation and

Bioactivities. Food Hydrocoll. 2011, 25, 196–206. [CrossRef]
38. Leung, M.Y.K.; Liu, C.; Koon, J.C.M.; Fung, K.P. Polysaccharide Biological Response Modifiers. Immunol. Lett. 2006, 105, 101–114.

[CrossRef] [PubMed]
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Selenosugars in Acetylated Form Activate Protein Phosphatase-1 and -2A. Bioorg. Med. Chem. 2018, 26, 1875–1884. [CrossRef]

233. Davies, M.J.; Schiesser, C.H. 1,4-Anhydro-4-Seleno-D-Talitol (SeTal): A Remarkable Selenium-Containing Therapeutic Molecule.
New J. Chem. 2019, 43, 9759–9765. [CrossRef]

234. Jeong, L.S.; Tosh, D.K.; Choi, W.J.; Lee, S.K.; Kang, Y.-J.; Choi, S.; Lee, J.H.; Lee, H.; Lee, H.W.; Kim, H.O. Discovery of a New
Template for Anticancer Agents: 2′-Deoxy-2′-Fluoro-4′-Selenoarabinofuranosyl-Cytosine (2′-F-4′-Seleno-Ara-C). J. Med. Chem.
2009, 52, 5303–5306. [CrossRef]

235. Jeong, L.S.; Choi, Y.N.; Tosh, D.K.; Choi, W.J.; Kim, H.O.; Choi, J. Design and Synthesis of Novel 2′,3′-Dideoxy-4′-
Selenonucleosides as Potential Antiviral Agents. Bioorg. Med. Chem. 2008, 16, 9891–9897. [CrossRef]

236. Kumar, A.A.; Illyés, T.Z.; Kövér, K.E.; Szilágyi, L. Convenient Syntheses of 1,2-Trans Selenoglycosides Using Isoselenuronium
Salts as Glycosylselenenyl Transfer Reagents. Carbohydr. Res. 2012, 360, 8–18. [CrossRef] [PubMed]

237. Mehta, S.; Mario Pinto, B. Phenylselenoglycosides as Novel, Versatile Glycosyl Donors. Selective Activation over Thioglycosides.
Tetrahedron Lett. 1991, 32, 4435–4438. [CrossRef]

238. Mehta, S.; Pinto, B.M. Novel Glycosidation Methodology. The Use of Phenyl Selenoglycosides as Glycosyl Donors and Acceptors
in Oligosaccharide Synthesis. J. Org. Chem. 1993, 58, 3269–3276. [CrossRef]

239. Nanami, M.; Ando, H.; Kawai, Y.; Kokets, M.; Ishihara, H. Stereoselective Synthesis of Various α-Selenoglycosides Using in Situ
Production of α-Selenolate Anion. Tetrahedron Lett. 2007, 48, 1113–1116. [CrossRef]

240. Braga, A.L.; Severo Filho, W.A.; Schwab, R.S.; Rodrigues, O.E.D.; Dornelles, L.; Braga, H.C.; Lüdtke, D.S. Synthesis of Selenium-
and Tellurium-Containing Nucleosides Derived from Uridine. Tetrahedron Lett. 2009, 50, 3005–3007. [CrossRef]

241. Braga, H.C.; Wouters, A.D.; Zerillo, F.B.; Lüdtke, D.S. Synthesis of Seleno-Carbohydrates Derived from D-Galactose. Carbohydr.
Res. 2010, 345, 2328–2333. [CrossRef]

242. Vargas, J.P.; Pinto, L.M.; Savegnago, L.; Lüdtke, D.S. Synthesis of Alkylseleno-Carbohydrates and Evaluation of Their Antioxidant
Properties. J. Braz. Chem. Soc. 2015. [CrossRef]

243. Yue, C.; Chen, J.; Hou, R.; Liu, J.; Li, X.; Gao, Z.; Liu, C.; Wang, D.; Lu, Y.; Li, H.; et al. Effects of Selenylation Modification on
Antioxidative Activities of Schisandra Chinensis Polysaccharide. PLoS ONE 2015, 10, e0134363. [CrossRef] [PubMed]

244. Wang, J.; Zhao, B.; Wang, X.; Yao, J.; Zhang, J. Synthesis of Selenium-Containing Polysaccharides and Evaluation of Antioxidant
Activity in Vitro. Int. J. Biol. Macromol. 2012, 51, 987–991. [CrossRef]

245. Wang, L.; Li, C.; Huang, Q.; Fu, X. Biofunctionalization of Selenium Nanoparticles with a Polysaccharide from Rosa Roxburghii
Fruit and Their Protective Effect against H2O2-Induced Apoptosis in INS-1 Cells. Food Funct. 2019, 10, 539–553. [CrossRef]

246. Liu, Y.; Sun, J.; Rao, S.; Su, Y.; Li, J.; Li, C.; Xu, S.; Yang, Y. Antidiabetic Activity of Mycelia Selenium-Polysaccharide from
Catathelasma Ventricosum in STZ-Induced Diabetic Mice. Food Chem. Toxicol. Int. J. Publ. Br. Ind. Biol. Res. Assoc. 2013, 62,
285–291. [CrossRef]

247. Jin, Y.; Zhang, L.; Zhang, M.; Chen, L.; Cheung, P.C.K.; Oi, V.E.C.; Lin, Y. Antitumor Activities of Heteropolysaccharides of Poria
Cocos Mycelia from Different Strains and Culture Media. Carbohydr. Res. 2003, 338, 1517–1521. [CrossRef]

248. Gan, D.; Ma, L.; Jiang, C.; Xu, R.; Zeng, X. Production, Preliminary Characterization and Antitumor Activity in Vitro of
Polysaccharides from the Mycelium of Pholiota Dinghuensis Bi. Carbohydr. Polym. 2011, 84, 997–1003. [CrossRef]

249. Savic, M.; Klimaszewska, M.; Bamburowicz-Klimkowska, M.; Suchocki, P.; Niksic, M.; Szutowski, M.; Wroczynski, P.; Turlo, J. A
Search for the Optimum Selenium Source to Obtain Mushroom-Derived Chemopreventive Preparations. Int. J. Med. Mushrooms
2016, 18, 279–289. [CrossRef]

250. Xu, C.L.; Wang, Y.Z.; Jin, M.L.; Yang, X.Q. Preparation, Characterization and Immunomodulatory Activity of Selenium-Enriched
Exopolysaccharide Produced by Bacterium Enterobacter Cloacae Z0206. Bioresour. Technol. 2009, 100, 2095–2097. [CrossRef]

251. Li, Z.-Y.; Guo, S.-Y.; Li, L. Bioeffects of Selenite on the Growth of Spirulina Platensis and Its Biotransformation. Bioresour. Technol.
2003, 89, 171–176. [CrossRef]

252. Turlo, J.; Gutkowska, B.; Herold, F. Effect of Selenium Enrichment on Antioxidant Activities and Chemical Composition of
Lentinula Edodes (Berk.) Pegl. Mycelial Extracts. Food Chem. Toxicol. 2010, 48, 1085–1091. [CrossRef]

253. Turło, J.; Gutkowska, B.; Herold, F.; Klimaszewska, M.; Suchocki, P. Optimization of Selenium-Enriched Mycelium of Lentinula
Edodes (Berk.) Pegler as a Food Supplement. Food Biotechnol. 2010, 24, 180–196. [CrossRef]

254. Turło, J.; Gutkowska, B.; Herold, F.; Gajzlerska, W.; Dawidowski, M.; Dorociak, A.; Zobel, A. Biological Availability and
Preliminary Selenium Speciation in Selenium-Enriched Mycelium of Lentinula Edodes (Berk.). Food Biotechnol. 2011, 25, 16–29.
[CrossRef]

255. Liu, J.; Chen, X.; Yue, C.; Hou, R.; Chen, J.; Lu, Y.; Li, X.; Li, R.; Liu, C.; Gao, Z.; et al. Effect of Selenylation Modification on
Immune-Enhancing Activity of Atractylodes Macrocephala Polysaccharide. Int. J. Biol. Macromol. 2015, 72, 1435–1440. [CrossRef]

256. Zhang, J.; Wang, F.-X.; Liu, Z.-W.; Zhang, S.-T.; Zhang, Y.-Y.; Liang, J.-Y.; Wang, Y.-P. Synthesis and Characterisation of Seleno-
Cynomorium Songaricum Rupr. Polysaccharide. Nat. Prod. Res. 2009, 23, 1641–1651. [CrossRef]

257. Wang, J.; Li, Q.; Bao, A.; Liu, X.; Zeng, J.; Yang, X.; Yao, J.; Zhang, J.; Lei, Z. Synthesis of Selenium-Containing Artemisia
Sphaerocephala Polysaccharides: Solution Conformation and Anti-Tumor Activities in Vitro. Carbohydr. Polym. 2016, 152, 70–78.
[CrossRef]

258. Gao, Z.; Chen, J.; Qiu, S.; Li, Y.; Wang, D.; Liu, C.; Li, X.; Hou, R.; Yue, C.; Liu, J.; et al. Optimization of Selenylation Modification
for Garlic Polysaccharide Based on Immune-Enhancing Activity. Carbohydr. Polym. 2016, 136, 560–569. [CrossRef]

http://doi.org/10.1016/j.bmc.2018.02.039
http://doi.org/10.1039/C9NJ02185J
http://doi.org/10.1021/jm900852b
http://doi.org/10.1016/j.bmc.2008.10.034
http://doi.org/10.1016/j.carres.2012.07.012
http://www.ncbi.nlm.nih.gov/pubmed/22975274
http://doi.org/10.1016/0040-4039(91)80005-Q
http://doi.org/10.1021/jo00064a012
http://doi.org/10.1016/j.tetlet.2006.12.056
http://doi.org/10.1016/j.tetlet.2009.03.164
http://doi.org/10.1016/j.carres.2010.08.019
http://doi.org/10.5935/0103-5053.20150021
http://doi.org/10.1371/journal.pone.0134363
http://www.ncbi.nlm.nih.gov/pubmed/26230941
http://doi.org/10.1016/j.ijbiomac.2012.08.011
http://doi.org/10.1039/C8FO01958D
http://doi.org/10.1016/j.fct.2013.08.082
http://doi.org/10.1016/S0008-6215(03)00198-8
http://doi.org/10.1016/j.carbpol.2010.12.058
http://doi.org/10.1615/IntJMedMushrooms.v18.i4.10
http://doi.org/10.1016/j.biortech.2008.10.037
http://doi.org/10.1016/S0960-8524(03)00041-5
http://doi.org/10.1016/j.fct.2010.01.030
http://doi.org/10.1080/08905436.2010.482446
http://doi.org/10.1080/08905436.2011.547113
http://doi.org/10.1016/j.ijbiomac.2014.10.022
http://doi.org/10.1080/14786410903169912
http://doi.org/10.1016/j.carbpol.2016.06.090
http://doi.org/10.1016/j.carbpol.2015.09.065


Appl. Sci. 2021, 11, 3717 35 of 40

259. Liu, L.; Pan, D.; Zeng, X.; Li, H. Effect of Selenium-Enriched Exopolysaccharide Produced by Lactococcus Lactis Subsp. Lactis on
Signaling Molecules in Mouse Spleen Lymphocytes. Food Funct. 2013, 4, 1489–1495. [CrossRef]

260. Pan, D.; Liu, J.; Zeng, X.; Liu, L.; Li, H.; Guo, Y. Immunomodulatory Activity of Selenium Exopolysaccharide Produced by
Lactococcus lactis Subsp. Lactis. Food Agric. Immunol. 2015, 26, 248–259. [CrossRef]

261. Huang, G.-C.; Lee, C.-J.; Wang, K.-T.; Weng, B.-C.; Chien, T.-Y.; Tseng, S.-H.; Wang, C.-C. Immunomodulatory Effects of
Hedysarum Polybotrys Extract in Mice Macrophages, Splenocytes and Leucopenia. Molecules 2013, 18, 14862–14875. [CrossRef]

262. Zhu, Z.-Y.; Liu, F.; Gao, H.; Sun, H.; Meng, M.; Zhang, Y.-M. Synthesis, Characterization and Antioxidant Activity of Selenium
Polysaccharide from Cordyceps Militaris. Int. J. Biol. Macromol. 2016, 93, 1090–1099. [CrossRef]

263. Liu, Y.; You, Y.; Li, Y.; Zhang, L.; Yin, L.; Shen, Y.; Li, C.; Chen, H.; Chen, S.; Hu, B.; et al. The Characterization, Selenylation and
Antidiabetic Activity of Mycelial Polysaccharides from Catathelasma Ventricosum. Carbohydr. Polym. 2017, 174, 72–81. [CrossRef]
[PubMed]

264. Lv, H.; Duan, K.; Shan, H. Selenylation Modification of Degraded Polysaccharide from Enteromorpha Prolifera and Its Biological
Activities. J. Ocean Univ. China 2018, 17, 445–450. [CrossRef]

265. Surhio, M.M.; Wang, Y.; Xu, P.; Shah, F.; Li, J.; Ye, M. Antihyperlipidemic and Hepatoprotective Properties of Selenium Modified
Polysaccharide from Lachnum Sp. Int. J. Biol. Macromol. 2017, 99, 88–95. [CrossRef]

266. Ren, G.; Li, K.; Hu, Y.; Yu, M.; Qu, J.; Xu, X. Optimization of Selenizing Conditions for Seleno-Lentinan and Its Characteristics. Int.
J. Biol. Macromol. 2015, 81, 249–258. [CrossRef]

267. Hou, R.; Chen, J.; Yue, C.; Li, X.; Liu, J.; Gao, Z.; Liu, C.; Lu, Y.; Wang, D.; Li, H.; et al. Modification of Lily Polysaccharide by
Selenylation and the Immune-Enhancing Activity. Carbohydr. Polym. 2016, 142, 73–81. [CrossRef]

268. Chen, W.; Chen, J.; Wu, H.; Gou, Y.; Hu, F.; Liu, L.; Gao, X.; Zhang, P. Optimization of Selenylation Conditions for a Pectic
Polysaccharide and Its Structural Characteristic. Int. J. Biol. Macromol. 2014, 69, 244–251. [CrossRef]

269. Qiu, S.; Chen, J.; Chen, X.; Fan, Q.; Zhang, C.; Wang, D.; Li, X.; Chen, X.; Chen, X.; Liu, C.; et al. Optimization of Selenylation
Conditions for Lycium Barbarum Polysaccharide Based on Antioxidant Activity. Carbohydr. Polym. 2014, 103, 148–153. [CrossRef]
[PubMed]

270. Hamid, M.; Liu, D.; Abdulrahim, Y.; Liu, Y.; Qian, G.; Khan, A.; Gan, F.; Huang, K. Amelioration of CCl4-Induced Liver Injury in
Rats by Selenizing Astragalus Polysaccharides: Role of Proinflammatory Cytokines, Oxidative Stress and Hepatic Stellate Cells.
Res. Vet. Sci. 2017, 114, 202–211. [CrossRef]

271. Qin, T.; Ren, Z.; Huang, Y.; Song, Y.; Lin, D.; Li, J.; Ma, Y.; Wu, X.; Qiu, F.; Xiao, Q. Selenizing Hericium Erinaceus Polysaccharides
Induces Dendritic Cells Maturation through MAPK and NF-KB Signaling Pathways. Int. J. Biol. Macromol. 2017, 97, 287–298.
[CrossRef] [PubMed]

272. Lian, K.-X.; Zhu, X.-Q.; Chen, J.; Liu, G.; Gu, X.-L. Selenylation Modification: Enhancement of the Antioxidant Activity of a
Glycyrrhiza Uralensis Polysaccharide. Glycoconj. J. 2018, 35, 243–253. [CrossRef]

273. Li, X.; Hou, R.; Yue, C.; Liu, J.; Gao, Z.; Chen, J.; Lu, Y.; Wang, D.; Liu, C.; Hu, Y. The Selenylation Modification of Epimedium
Polysaccharide and Isatis Root Polysaccharide and the Immune-Enhancing Activity Comparison of Their Modifiers. Biol. Trace
Elem. Res. 2016, 171, 224–234. [CrossRef]

274. Ji, Y.-B.; Dong, F.; Lang, L.; Zhang, L.-W.; Miao, J.; Liu, Z.-F.; Jin, L.-N.; Hao, Y. Optimization of Synthesis, Characterization and
Cytotoxic Activity of Seleno-Capparis Spionosa L. Polysaccharide. Int. J. Mol. Sci. 2012, 13, 17275–17289. [CrossRef]

275. Chen, C.; Zhang, B.; Fu, X.; Liu, R.H. A Novel Polysaccharide Isolated from Mulberry Fruits (Murus alba L.) and its Selenide
Derivative: Structural Characterization and Biological Activities. Food Funct. 2016, 7, 2886–2897. [CrossRef]

276. Li, H.; Wang, Y.; Wang, C.; Zhang, S.; Li, S.; Zhou, G.; Wang, S.; Zhang, J. Extraction, Selenylation Modification and Antitumor
Activity of the Glucan from Castanea Mollissima Blume. Glycoconj. J. 2017, 34, 207–217. [CrossRef]

277. Ding, G.-B.; Nie, R.-H.; Lv, L.-H.; Wei, G.-Q.; Zhao, L.-Q. Preparation and Biological Evaluation of a Novel Selenium-Containing
Exopolysaccharide from Rhizobium Sp. N613. Carbohydr. Polym. 2014, 109, 28–34. [CrossRef]

278. Zhao, B.; Zhang, J.; Yao, J.; Song, S.; Yin, Z.; Gao, Q. Selenylation Modification Can Enhance Antioxidant Activity of Potentilla
Anserina L. Polysaccharide. Int. J. Biol. Macromol. 2013, 58, 320–328. [CrossRef]

279. Qiu, S.; Chen, J.; Qin, T.; Hu, Y.; Wang, D.; Fan, Q.; Zhang, C.; Chen, X.; Chen, X.; Liu, C.; et al. Effects of Selenylation Modification
on Immune-Enhancing Activity of Garlic Polysaccharide. PLoS ONE 2014, 9, e86377. [CrossRef]

280. Wang, D.; Zhao, Y.; Sun, Y.; Yang, X. Protective Effects of Ziyang Tea Polysaccharides on CCl4-Induced Oxidative Liver Damage
in Mice. Food Chem. 2014, 143, 371–378. [CrossRef] [PubMed]

281. Cheng, L.; Wang, Y.; He, X.; Wei, X. Preparation, Structural Characterization and Bioactivities of Se-Containing Polysaccharide: A
Review. Int. J. Biol. Macromol. 2018, 120, 82–92. [CrossRef]

282. Shi, L.; Xun, W.; Yue, W.; Zhang, C.; Ren, Y.; Shi, L.; Wang, Q.; Yang, R.; Lei, F. Effect of Sodium Selenite, Se-Yeast and Nano-
Elemental Selenium on Growth Performance, Se Concentration and Antioxidant Status in Growing Male Goats. Small Rumin. Res.
2011, 96, 49–52. [CrossRef]

283. Wang, H.; Zhang, J.; Yu, H. Elemental Selenium at Nano Size Possesses Lower Toxicity without Compromising the Fundamental
Effect on Selenoenzymes: Comparison with Selenomethionine in Mice. Free Radic. Biol. Med. 2007, 42, 1524–1533. [CrossRef]

284. Zhang, J.; Wang, X.; Xu, T. Elemental Selenium at Nano Size (Nano-Se) as a Potential Chemopreventive Agent with Reduced
Risk of Selenium Toxicity: Comparison with Se-Methylselenocysteine in Mice. Toxicol. Sci. Off. J. Soc. Toxicol. 2008, 101, 22–31.
[CrossRef] [PubMed]

http://doi.org/10.1039/c3fo60216h
http://doi.org/10.1080/09540105.2014.894000
http://doi.org/10.3390/molecules181214862
http://doi.org/10.1016/j.ijbiomac.2016.09.076
http://doi.org/10.1016/j.carbpol.2017.06.050
http://www.ncbi.nlm.nih.gov/pubmed/28821124
http://doi.org/10.1007/s11802-018-3296-1
http://doi.org/10.1016/j.ijbiomac.2017.01.148
http://doi.org/10.1016/j.ijbiomac.2015.08.012
http://doi.org/10.1016/j.carbpol.2016.01.032
http://doi.org/10.1016/j.ijbiomac.2014.05.046
http://doi.org/10.1016/j.carbpol.2013.12.032
http://www.ncbi.nlm.nih.gov/pubmed/24528713
http://doi.org/10.1016/j.rvsc.2017.05.002
http://doi.org/10.1016/j.ijbiomac.2017.01.039
http://www.ncbi.nlm.nih.gov/pubmed/28089932
http://doi.org/10.1007/s10719-018-9817-8
http://doi.org/10.1007/s12011-015-0511-4
http://doi.org/10.3390/ijms131217275
http://doi.org/10.1039/C6FO00370B
http://doi.org/10.1007/s10719-016-9753-4
http://doi.org/10.1016/j.carbpol.2014.03.038
http://doi.org/10.1016/j.ijbiomac.2013.04.059
http://doi.org/10.1371/journal.pone.0086377
http://doi.org/10.1016/j.foodchem.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/24054254
http://doi.org/10.1016/j.ijbiomac.2018.07.106
http://doi.org/10.1016/j.smallrumres.2010.11.005
http://doi.org/10.1016/j.freeradbiomed.2007.02.013
http://doi.org/10.1093/toxsci/kfm221
http://www.ncbi.nlm.nih.gov/pubmed/17728283


Appl. Sci. 2021, 11, 3717 36 of 40

285. Zhang, J.S.; Gao, X.Y.; Zhang, L.D.; Bao, Y.P. Biological Effects of a Nano Red Elemental Selenium. BioFactors Oxf. Engl. 2001, 15,
27–38. [CrossRef] [PubMed]

286. Vert, M.; Doi, Y.; Hellwich, K.-H.; Hess, M.; Hodge, P.; Kubisa, P.; Rinaudo, M.; Schué, F. Terminology for Biorelated Polymers
and Applications (IUPAC Recommendations 2012). Pure Appl. Chem. 2012, 84, 377–410. [CrossRef]

287. Torres, S.K.; Campos, V.L.; León, C.G.; Rodríguez-Llamazares, S.M.; Rojas, S.M.; González, M.; Smith, C.; Mondaca, M.A.
Biosynthesis of Selenium Nanoparticles by Pantoea Agglomerans and Their Antioxidant Activity. J. Nanoparticle Res. 2012, 14,
1236. [CrossRef]

288. Desai, M.P.; Labhasetwar, V.; Walter, E.; Levy, R.J.; Amidon, G.L. The Mechanism of Uptake of Biodegradable Microparticles in
Caco-2 Cells Is Size Dependent. Pharm. Res. 1997, 14, 1568–1573. [CrossRef]

289. Hosnedlova, B.; Kepinska, M.; Skalickova, S.; Fernandez, C.; Ruttkay-Nedecky, B.; Peng, Q.; Baron, M.; Melcova, M.; Opatrilova,
R.; Zidkova, J.; et al. Nano-Selenium and Its Nanomedicine Applications: A Critical Review. Int. J. Nanomed. 2018, 13, 2107–2128.
[CrossRef]

290. Zhang, C.; Zhai, X.; Zhao, G.; Ren, F.; Leng, X. Synthesis, Characterization, and Controlled Release of Selenium Nanoparticles
Stabilized by Chitosan of Different Molecular Weights. Carbohydr. Polym. 2015, 134, 158–166. [CrossRef]

291. Chen, W.; Li, Y.; Yang, S.; Yue, L.; Jiang, Q.; Xia, W. Synthesis and Antioxidant Properties of Chitosan and Carboxymethyl
Chitosan-Stabilized Selenium Nanoparticles. Carbohydr. Polym. 2015, 132, 574–581. [CrossRef]

292. Sun, Y.; Nie, Y.; Wang, Z.; Hua, C.; Wang, R.; Gao, J. Biomacromolecule-Directed Synthesis and Characterization of Selenium
Nanoparticles and Their Compatibility with Bacterial and Eukaryotic Cells. Nanosci. Nanotechnol. Lett. 2017, 9, 1987–1991.
[CrossRef]

293. Xu, D.; Yang, L.; Wang, Y.; Wang, G.; Rensing, C.; Zheng, S. Proteins Enriched in Charged Amino Acids Control the Formation
and Stabilization of Selenium Nanoparticles in Comamonas Testosteroni S44. Sci. Rep. 2018, 8, 4766. [CrossRef]

294. Liu, C.; Fu, Y.; Li, C.-E.; Chen, T.; Li, X. Phycocyanin-Functionalized Selenium Nanoparticles Reverse Palmitic Acid-Induced
Pancreatic β Cell Apoptosis by Enhancing Cellular Uptake and Blocking Reactive Oxygen Species (ROS)-Mediated Mitochondria
Dysfunction. J. Agric. Food Chem. 2017, 65, 4405–4413. [CrossRef]

295. Zhu, C.; Zhang, S.; Song, C.; Zhang, Y.; Ling, Q.; Hoffmann, P.R.; Li, J.; Chen, T.; Zheng, W.; Huang, Z. Selenium Nanoparticles
Decorated with Ulva Lactuca Polysaccharide Potentially Attenuate Colitis by Inhibiting NF-KB Mediated Hyper Inflammation. J.
Nanobiotechnol. 2017, 15, 20. [CrossRef]

296. Liao, W.; Yu, Z.; Lin, Z.; Lei, Z.; Ning, Z.; Regenstein, J.M.; Yang, J.; Ren, J. Biofunctionalization of Selenium Nanoparticle with
Dictyophora Indusiata Polysaccharide and Its Antiproliferative Activity through Death-Receptor and Mitochondria-Mediated
Apoptotic Pathways. Sci. Rep. 2015, 5, 18629. [CrossRef] [PubMed]

297. Ping, Z.; Liu, T.; Xu, H.; Meng, Y.; Li, W.; Xu, X.; Zhang, L. Construction of Highly Stable Selenium Nanoparticles Embedded in
Hollow Nanofibers of Polysaccharide and Their Antitumor Activities. Nano Res. 2017, 10, 3775–3789. [CrossRef]

298. Wu, H.; Zhu, H.; Li, X.; Liu, Z.; Zheng, W.; Chen, T.; Yu, B.; Wong, K.-H. Induction of Apoptosis and Cell Cycle Arrest in A549
Human Lung Adenocarcinoma Cells by Surface-Capping Selenium Nanoparticles: An Effect Enhanced by Polysaccharide-Protein
Complexes from Polyporus Rhinocerus. J. Agric. Food Chem. 2013, 61, 9859–9866. [CrossRef] [PubMed]

299. Wu, H.; Li, X.; Liu, W.; Chen, T.; Li, Y.; Zheng, W.; Man, C.W.-Y.; Wong, M.-K.; Wong, K.-H. Surface Decoration of Selenium
Nanoparticles by Mushroom Polysaccharides–Protein Complexes to Achieve Enhanced Cellular Uptake and Antiproliferative
Activity. J. Mater. Chem. 2012, 22, 9602. [CrossRef]

300. Hong, A.; Rao, L.; Zhuang, M.; Luo, T.; Wang, Y.; Ma, Y. Chitosan-Decorated Selenium Nanoparticles as Proteins Carriers to
Improve the in Vivo Half-Life of the Peptide Therapeutic BAY 55-9837 for Type 2 Diabetes Mellitus. Int. J. Nanomed. 2014, 4819.
[CrossRef]

301. Bai, Y.; Wang, Y.; Zhou, Y.; Li, W.; Zheng, W. Modification and Modulation of Saccharides on Elemental Selenium Nanoparticles
in Liquid Phase. Mater. Lett. 2008, 62, 2311–2314. [CrossRef]

302. Zhang, S.-Y.; Zhang, J.; Wang, H.-Y.; Chen, H.-Y. Synthesis of Selenium Nanoparticles in the Presence of Polysaccharides. Mater.
Lett. 2004, 58, 2590–2594. [CrossRef]

303. Shoeibi, S.; Mashreghi, M. Biosynthesis of Selenium Nanoparticles Using Enterococcus Faecalis and Evaluation of Their Antibac-
terial Activities. J. Trace Elem. Med. Biol. Organ Soc. Miner. Trace Elem. GMS 2017, 39, 135–139. [CrossRef] [PubMed]

304. Ramamurthy, C.; Sampath, K.S.; Arunkumar, P.; Kumar, M.S.; Sujatha, V.; Premkumar, K.; Thirunavukkarasu, C. Green Synthesis
and Characterization of Selenium Nanoparticles and Its Augmented Cytotoxicity with Doxorubicin on Cancer Cells. Bioprocess
Biosyst. Eng. 2013, 36, 1131–1139. [CrossRef] [PubMed]
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