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Abstract

The structures and functions of polysaccharides are not fully understood by the scientific community due to their complexity
and the limitations of characterization methods. f-(1,3)-D-glucans with or without $-(1,6)-linked glucopyranans as branches
(f-glucans), which are important polysaccharides, are widely involved in various biological activities. Moreover, f-glucans
exhibit a strong ability to self-assemble into diverse nanocomposite biomaterials, showing great promise in the diagnosis and
therapeutic treatment of human diseases. Fungi are well known for their traditional edible and medical value, and f-glucans
are one of the major active components in fungi. We have long been committed to the study of the structure and function of
p-glucans from edible mushrooms, especially in the biological and food fields. Hence, research advances in the extraction,
structural and conformational characteristics, and biological activities of f-glucans from three fungi, Auricularia auricula
judae, Lentinus edodes and yeast, as typical representatives, were the focus of this review article. Additionally, as-fabricated
p-glucan-derived nanocomposite biomaterials as effective therapeutic agents were addressed. This review provides a more
comprehensive understanding of f-glucans and some valuable insights for research regarding other polysaccharides.

Introduction

Naturally occurring polysaccharides are the third most
important biomacromolecules after DNA and proteins since
they widely exist in living bodies and play diverse and
important roles in many biological processes, such as cell
recognition, biological information transfer, metabolism,
and immune response regulation [1-3]. However,
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polysaccharides have not received sufficient attention for a
long time due to the complexity and diversity of their
structures and existing states. With the development of
technologies for isolation, purification, characterization and
analysis by molecular biology, polysaccharides from a
variety of sources have attracted increasing attention due to
their plentiful pharmacological properties, such as anti-
tumor, anti-inflammatory, antidiabetic and immunological
effects [4—7], which open a pathway to a class of new and
improved therapeutics, as well as the next frontier in
pharmaceutical research [8]. Moreover, owing to their
strong associations and interactions resulting from the
hydrophobicity of sugar rings and hydrogen bonding
between hydroxyl groups, polysaccharides can even self-
assemble into ordered structures such as nanotubes [9] and
vesicles [10]. In combination with the outstanding inherent
properties of bioactivity, biodegradability, biocompatibility,
low cost, and availability, polysaccharides show great
potential in biomaterials, particularly in drug/gene delivery,
bioimaging and tissue engineering [11].

Among a variety of polysaccharides, specific poly-
saccharides demonstrating a common bonding mode with j-
(1,3)-glucans as the backbone and with or without $-(1,6)-
linked glucopyranans as branches are called f-glucans
herein. Several well-known f-glucans have been discovered,
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such as curdlan of the linear -(1,3)-glucan produced from
Acaligenes faecalis var. myxogene and other microorgan-
isms [12, 13], schizophyllan produced by Schizophyllum
commune [14], scleroglucan secreted by the fungus Scler-
otium glucanicum, yeast f-glucan produced by Sacchar-
omyces cerevisiae [15], and lentinan extracted from the
fungus Lentinus edodes [16]. These p-glucans have different
water solubilities depending on the branching degree of -
(1,6)-linkages. In general, linear $-(1,3)-glucans with few or
no p-(1,6)-branches, such as curdlan [12] and yeast p-glucan
[17], are usually water-insoluble, while $-(1,6)-branched f-
(1,3)-glucans, such as schizophyllan [18], scleroglucan [19]
and lentinan [20], can be dissolved in water. It is noted that
their high-molecular weight is the key factor affecting the
water solubility of f-glucans. For example, lentinan with a
high-molecular weight forms gels in water due to its low
water solubility [21]. It is interesting that all of these p-
glucans adopt a unique conformation of a triple helix in
nature or in water [22], which has been demonstrated by
using X-ray diffraction [23], laser light scattering and vis-
cometry in combination with polymer solution theories such
as the cylinder model, touched-bead model and Benoit-Doty
equation. Notably, f-glucans can bind to membrane recep-
tors such as dectin-1, complement receptor 3 (CR3), and
Toll-like receptors (TLRs) to activate immunocytes, leading
to subsequent immunoregulation and an enhanced innate
immune response to infection [24]. Therefore, f-glucans
have been used as immunomodulators, as well as in the
treatment of cancer or inflammation [25-27]. For example,
schizophyllan and lentinan have been used as adjuvants to
treat patients bearing tumors in Asian countries [28, 29]. It is
predicted that pharmacotherapy using natural f-glucans with
good biocompatibility will be a better alternative than con-
ventional therapy.

Benefitting from their unique triple helical structure
characteristics and favorable affinity to immune cells, f-
glucans have been manipulated into diverse nanostructured
biomaterials with high performance in theranostics and an
integrated approach of therapeutics and diagnostics. For
instance, schizophyllan has been introduced as a soft matrix
to accommodate inorganic nanoparticles [30], fluorescent
dyes [31], single-walled carbon nanotubes [32], conducting
polymers [33] and genes [34] for versatile therapeutic
functions. The adjustable one-dimensional hydrophobic
nanocavity of triplex f-glucans [35], the native microcavity
in yeast particles [36], or the well defined hollow nanofibers
generated by self-assembly of stiff chains [37] can easily
encapsulate host guests, creating more multimodal and
multifunctional systems for biomedical use. These “sugar”
coatings endow hybrid biomaterials with several advantages
in in vivo delivery and tumor targeting, including longer
circulation time, easier stabilization and functionalization,
higher cellular uptake, more specific targeting, and lower
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long-term toxicity. More interestingly, the single chains
released from the triple helical f-glucans can be reasso-
ciated into a triple helix and even form a heterotriplex with
specific homo-polynucleotides, such as poly(cytidylic acid)
(poly(C)), poly(adenylic acid) (poly(A)), poly(uracil acid)
(poly(U)), poly(thymidine acid) (poly(T)) and poly(deox-
yadenylic acid) (poly(dA)), consisting of two single poly-
saccharide chains and a single polynucleotide chain
[38—40]. This discovery paves the way for the development
of gene delivery [41-43]. For example, a nanoplatform
constructed from single chains of lentinan and poly(dA) has
been proven to be a promising strategy for the effective
delivery of genes targeting intestinal inflammation, where
the target gene is attached to the tail of poly(dA) through a
disulfide bond and is eventually internalized by macro-
phages for further expression in a triggered manner [44].

Based on these findings, studies of the structures and
roles of polysaccharides in cells are very important to
clarify the mystery of polysaccharides such as f-glucans in
life-associated activities. Despite their key roles in a broad
range of biological processes, including transduction and
immune responses, f-glucans have still been under-
appreciated by the scientific community due to their com-
plex structures compared with proteins and nucleic acids.
Fungi are well known for their traditional edible and med-
ical value, and polysaccharides are one of the major active
components. To clarify the chain or higher order structure
and discover more unknown functions of polysaccharides,
especially in the biological and food fields, our research
interests have focused on the chain conformation, multi-
scale structure and biological functions of f-glucans from
fungi such as Auricularia auricula, Lentinus edodes and
yeast, which are usually used in our daily diets. In this
review, the extraction, structural/conformational features,
and biological functions of three f-glucans were summar-
ized, and the development of p-glucan-derived nano-
composite biomaterials as effective therapeutic agents was
emphasized. This review will provide valuable insights and
important guidance for researchers or developers to better
use f-glucans as functional products with nutritional and
biological effects that benefit human health.

B-glucan from Auricularia auricula

Extraction and structure of S-glucan from
Auricularia auricula judae

Auricularia auricula judae (AAJ) belongs to the genus
Auricularia of Basidiomycetes, Auriculariaceae, which is
mainly distributed in the temperate regions of the Northern
Hemisphere shade area. It is popularly known as a precious
medicinal and edible fungus in many countries due to its
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rich nutrition and delicacy. Polysaccharides are one of the
main active components of AAJ. The types of poly-
saccharides originating from AAJ strongly rely on the
extraction conditions. The most common extraction method
is solvent extraction by using hot water or alkali solution,
which is usually carried out in combination with several
physically assisted extraction methods, including micro-
wave, ultrasonic, and pulsed electric field or ultrahigh
temperature/pressure extraction, to enhance productivity
[45-48]. The different strategies result in different mono-
saccharide components and molecular weights, finally
leading to different bioactivities. Heteropolysaccharides are
usually extracted from AAJ. For example, Ma and Zhang
acquired a kind of water-soluble polysaccharide by utilizing
a 70% ethanol/water solvent system, which was composed
of the main chain of f-(1,4)-linked D-glucopyranan with
D-glucopyranan as the side group at O6 and 19% glu-
curonic acid [49]. Another water-soluble acidic hetero-
polysaccharide was separated from AAJ by extraction with
0.9% aqueous NaCl solution, which has a backbone of a-
(1,3)-linked D-mannopyranose residues with pendant side
groups of f-D-xylose, f-D-glucose, or f-D-glucuronic acid
at position O6 or O2, exhibiting the characteristic of a
semirigid linear chain in aqueous solution [50]. Few studies
have dealt with S-glucans in AAJ.

Recently, a water-soluble neutral f-glucan was success-
fully extracted from AAJ with the aid of 0.15M NaCl
aqueous solution at 80~100 °C, which was denoted as AF1
[51] or BFP [9]. The yield is estimated to be ~1%, much
lower than that for heteropolysaccharides in AAJ [52, 53].
Its chemical structure was identified as a f-(1,3)-D-glucan
with two f-(1,6)-linked D-glucopyranans for every three
D-glucopyranans in the main chain, showing a comb-
branched structure by using gas chromatography (Fig. 1) in
combination with mass chromatography and NMR [51, 54].
Compared with schizophyllan and scleroglucan, AF1 or
BFP has a higher $-(1,6)-branching degree. The structural
features of AF1 are shown in Table 1.

Triple helical chain conformation of §-glucan from
AAJ

The chain conformation of polysaccharides is closely rela-
ted to their biological functions. Identification of the chain
conformation and regulation of the chain conformation
transition are essential for the successful application of
polysaccharides in food and medical fields. Natural poly-
saccharides show conformations such as random coils,
semiflexible chains, double helices, triple helices and
aggregates [55]. Generally, the chain conformation can be
deduced by conformational parameters such as persistence
length (g), chain diameter (d), contour length (L), and molar
mass per unit contour length (M;), which are estimated from
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Fig. 1 GC traces of monosaccharide standards (a) and the hydrolyzed
products of polysaccharides from the fruiting bodies of Auricularia
auricula judae (AF1) (b). The inset in b is the chemical structure of
AF1 [51]. Copyright © 2012, American Chemical Society

weight-average molecular weight (M,,), radius of gyration
(Rg), and hydrodynamic radius (Rj;) in combination with
polymer solution theories and even directly observed by
atomic force microscopy (AFM) and transmission electron
microscopy (TEM).

AF1 was first proven to adopt a stiff chain conformation in
water by using the value of the structure-sensitive parameter p
(=Ry/Ry), which was estimated to be 2.3 [51]. To further
clarify the chain conformation, 9 fractions of AF1 with dif-
ferent molecular weights were prepared by ultrasonication and
ethanol precipitation, and the values of M,,, R, and [] were
determined using laser light scattering and viscometry [54].
The dependences of R, and [57] on M,, were [5] = 1.78 X 1077
M,'® (mL/g) (Fig. 2a) and Ry =5x 10~*M,*? (nm), respec-
tively (Fig. 2b). The high exponents of 1.6 and 0.9 indicate
that AF1 adopts a rod-like chain conformation in water. The
M;, g, d and helix pitch distance (k) were calculated to be
2724 +276 nm, 230 +30 nm, ~2.2 nm and ~0.37 nm, respec-
tively, with the wormlike chain model [54], similar to the
conformational parameter values of triple helical schizo-
phyllan [56] and scleroglucan [57]. Moreover, the value of M,,
in dimethyl sulfoxide (DMSO) is ~1/3 of that in water. In
combination with the conformational parameters and the
molecular weight changes, it is thus concluded that AF1 exists
as a triple-helix conformation in water and single chains in
DMSO.

Simultaneously, molecular dynamics simulations were
introduced to determine the chain structures. In the all-atom
model, as shown in Fig. 2c—e, two twisting angles of the
glycoside bonds on the main chains, ® (HI-C1-03-C3)
and ¥ (C1-O3-C3-H3), were set to determine the overall
structure. The optimized simulation reveals that the poten-
tial energy of the triple helix is —256 kcal/mol/ring (at 0 K)
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Fig. 3 Anti-hepatoma activities

of the AF1, AF1-1, AF1-2 and
AF1-3 samples in vivo. The
tumor weight is presented in a
scatter plot. The bars represent
+SD. *p <0.05, **p <0.001 vs.
the saline group, and #p <0.05
vs. the cytoxan (CTX) group.

The values of p obtained from
statistical analysis represent the
difference between the groups.
p<0.05 was considered
statistically significant (a).
Representative photographs of

the tumor (b) [65]. Copyright
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~77% against H22 tumors, even higher than the positive
control of cytoxan (~68%), as depicted in Fig. 3a, b. This
occurs because AF1 induces more cytokine/chemokine
production by activating immunoresponses and enhances
the effect of anti-angiogenesis in tumor tissues. The
underlying mechanism was further clarified by employing
metabolomic analysis. As illustrated in Fig. 3c, multiple
metabolic pathways commonly contribute to the high anti-
tumor activity. AF1 induces intracellular oxidative stress
and lipid peroxidation and downregulates taurine, glu-
tathione (GSH), energy supply and cellular nicotinamide
adenine dinucleotide (NAD™) generation, thereby giving
rise to DNA dysfunction in liver cancer cells [66]. These
metabolic behaviors finally inhibit the proliferation,
migration and invasion of tumor cells by inducing cell
apoptosis and arresting the cell cycle at S phase (DNA
synthesis phase), evidently suggesting that AF1 is a potent
anticancer candidate for pharmaceutical therapy and pro-
viding new insights for pharmacological research and

clinical practice for this highly branched f-glucan with a
triple helical chain conformation.

Self-assembly behavior and therapeutic application
of B-glucan from AAJ

Self-assembly is seldom reported for polysaccharides
because random aggregation [20, 67, 68] and gelation are
usually observed [69-71]. The study of self-assembly of
polysaccharides is a major challenge due to the multiple
interactions existing in polysaccharide chains. For the first
time, we found that this branched f-glucan of AF1 with a
stiff chain conformation displays specific self-orientation
and self-assembly behavior in a parallel manner with
increasing concentrations [37].

Briefly, AF1 chains first align and assemble into string-like
nanofibers at a concentration of 1.3x 107® g/mL due to the
strong hydrogen-bonding interactions between polymer
chains; with an increase in concentration up to 4 x 1074 g/mL,
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Fig. 4 Schematic diagram of the
formation of dendritic nanotubes
of f-glucan (AF1-DNTs). The
coexistence of single chains and
aggregates in AF1 solution (a),
lamellar aggregates (b) and curly
dendritic nanotubes (¢). SEM
images of AF1-DNTSs obtained
by lyophilizing the AF1 solution
in liquid nitrogen at a
concentration of 0.5 mg/mL (d).
The magnified images (e and g)
of the red box in d and the
scheme graphs (f and h) of e and
g [9]. Copyright © 2017 The
Royal Society of Chemistry

AF1 chains tend to form thin lamella and then self-curl into
tubular nanofibers with mean diameters from 20 to 80 nm. A
higher concentration is beneficial to the formation of nano-
tubes, and the whole self-assembly process is predicted in the
schematic illustration presented in Fig. 4 [9]. The parallel self-
orientation is mainly driven by hydrogen bonding and
hydrophobic interactions in the polysaccharide backbone. The
dense side chains with relative hydrophilicity easily come into
contact with water, leading to the arrangement of the hydro-
phobic backbones inside. Therefore, the nanotubes possess a
hydrophobic interior and a relatively hydrophilic exterior.
This unique self-assembly offers great significance since the
as-formed hydrophobic cavity can accommodate various guests
with hydrophobicity for potential theranostic applications. For
example, selenium nanoparticles (SeNPs) with a mean dia-
meter of 46nm have been successfully entrapped into the
cavities of AF1 nanotubes through hydrophobic interactions
and the formation of Se—O bonds inside, showing good dis-
persion and high stability in water for over 16 months. The as-
prepared AF1-Se nanocomposites display a broad-spectrum
inhibitory effect on human cancers with low half maximal
inhibitory concentration values and low toxicity against normal
cells. In particular, the inhibition ratio against MCF-7 cancer
cells reached ~75% at a concentration of 200 pg/mL (Se
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content ~29 uM). The antitumor efficiency of this hybrid
nanobiomaterial is higher than that of AF1 alone, demonstrat-
ing a strong synergistic therapeutic effect. AFI-Se nano-
composites have also been applied for the treatment of acute
myeloid leukemia (AML) to test their feasibility. As a result,
AF1-Se significantly inhibits the proliferation of AML cells,
increases the capacity of total antioxidant AML cells obtained
from blood and bone marrow analysis, and decreases the
expression of c-Jun activation domain binding protein-1 and
thioredoxin-1 [72].

AF1 nanotubes were also used to carry cisplatin, which is
a well-known anticancer agent due to its powerful killing
effect on cancer cells, but it has serious side effects on
normal cells. A favorable strategy is to convert Pt(Il)
complexes into Pt(IV) prodrugs, where physicochemical
properties such as stability, in vivo distribution or targeting
ability can be altered by modifying different ligands without
changing the pharmacophore core [73, 74]. AF1 nanotubes
with hollow cavities were thus chosen to deliver the Pt(IV)
prodrug to verify the advantages of this approach. As shown
in Fig. 5, the platinum prodrugs can be loaded into the
hollow cavity and stabilized through a stable chemical
bond, resulting in high stability and good dispersibility in
aqueous solution. Simulated release studies confirmed that
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Fig. 6 Changes in the fluorescence intensity of BSPOTPE (1 x 10~°
g/mL) in the presence of AF1 at different concentrations (1 x 107

1x 107 g/mL) in water (a). Relationship of fluorescence intensity at
470 nm versus the concentration of AF1 (0.1 mg/mL) at an excitation
wavelength of 350nm (b). The insets in b are photographs of
BSPOTPE in water (1x107° g/mL) without (left) and with AF1

the prodrugs convert to Pt(Il) by losing axial ligands in
biological reducing agents and subsequently platinating
DNA. In comparison to cisplatin, Pt(IV) prodrugs display
better antitumor properties (50-fold) with specific tumor
targeting, providing more references for the development of
new antitumor drugs [75].

Based on the structural features of the hydrophobic cavity,
the amphiphilic aggregation-induced emission (AIE) molecule

Low

High
Low
Day 10 Day 15 Day 18

Day 5

1x1073 g/mL). TEM image of AF1/BSPOTPE (c). The inset in c¢ is
the magnification of the region indicated in red. Fluorescence imaging
of nude mice in vivo after subcutaneous injection of 250 mL of AF1/
TPA-BMO solution (d) and free TPA-BMO solution (e). The dye
concentration was fixed at 5 x 107 g/mL [9]. Copyright © 2017 The
Royal Society of Chemistry

1,2-bis [4-(3-sulfonatopropoxyl) phenyl]-1,2-diphenylethene
salt (BSPOTPE) or (Z)-4-benzylidene-2-methyloxazol-5(4H)-
one (TPA-BMO) was used for in vivo imaging. As indicated in
Fig. 6a—c, the aggregation of AIE molecules embedded in the
hollow cavity dramatically enhances the fluorescence intensity
with an increase in the concentration of AF1. As a result of the
improvement of AIE in water dispersion and cytotoxicity, the
TPA-BMO-loaded AF1  nanotubes induce stronger
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Fig. 7 Pictures of the
mushrooms of Lentinus edodes
(a) and lentinan (b) and the
chemical structure of lentinan (c)
[85]. Copyright 2012 John
Wiley and Sons

fluorescence intensity than TPA-BMO alone and maintain a
longer duration time (18 days) in vivo, suggesting a potential
candidate for bioimaging [54].

Taken together, AF1 nanotubes are a good candidate to
carry nanoparticles, antitumor drugs and imaging agents
with biosafety. It is predicted that other guests can also be
delivered through AF1 nanotubes. Although some progress
has been made in the research on f-glucan from AAJ, there
are still some key problems that need to be urgently
addressed, such as how to sustain and recover the triple
helical conformation once it is damaged under harsh con-
ditions. Little is known about the structure-activity rela-
tionships of AFI. It is of vital importance to conduct more
experiments in vivo and clinical studies to further verify the
reliability of AF1 usage. In addition, how to control the
morphology parameters of the nanotubes, such as the fibril
diameter, length or cavity size, and identification of the key
factor determining self-assembly need further study.

B-glucan from Lentinus edodes

Lentinus edodes, similar to Auricularia auricula judae, is
another popular edible mushroom and has been widely used
as a delicious and nutritional food and traditional Chinese
medicine in Asia for thousands of years because it contains
bioactive compounds such as polysaccharides, proteins,
fibers and lipids [76]. Of these, polysaccharides are
important active ingredients with various beneficial effects,
such as antitumor, antiviral and immunomodulatory activ-
ities, allowing them to act as medicinal agents; poly-
saccharides have been identified as f-glucans and are
usually named lentinans [77].

Extraction and chemical structure of B-glucan from
Lentinus edodes

Lentinan was first isolated from Shiitake mushroom by
Chihara et al. and was demonstrated to show antitumor
activity against S-180 solid tumors [78, 79]. The hot water
extraction method is a conventional method for extracting
lentinan, which produces a low extraction efficiency of less
than 0.1%. In our lab, a modified strategy of 1.25 M NaOH/
0.05% NaBH, aqueous solution was well developed with a
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total polysaccharide yield of more than 3% [80]. Other new
technologies, such as supercritical fluid extraction and
microwave/ultrasonic/enzymatic-assisted extraction, have
also been introduced to enhance the extraction efficiency in
recent years. For example, the extraction yield of lentinan
from Lentinus edodes using microwave-assisted aqueous
two-phase extraction based on the Box-Behnken design has
been greatly increased and was determined to be 2.12 +
0.21% and 11.16 £0.28% at the top phase and the bottom
phase, respectively [81].

The monosaccharide composition and anomerity (« or ) of
each sugar residue were determined by gas chromatography—
mass spectrometry (GC-MS), Fourier transform infrared
(FT-IR) and nuclear magnetic resonance spectroscopy (NMR)
[82—84]. Lentinan has been demonstrated to possess the same
backbone chain of $-(1,3)-linked D-glucopyranan with two S-
(1,6)-linked D-glucopyranans for every five D-glucopyranans
in the main chain (Fig. 7), yielding a comb-like branched pri-
mary structure with water solubility [85]. This repeating unit is
slightly different from that of scleroglucan and schizophyllan,
which have a f-(1,3)-glucan backbone and a p-(1,6)-linked
D-glucopyranan as side chains at every third D-glucopyranan
residue of the main chain [19, 86]. Of course, there are some
other polysaccharides with different structures from S-glucan.
For example, Zhang et al. collected a new water-soluble
polysaccharide from Lentinus edodes, which is composed of a
main chain of (1,4)-linked and (1,3)-linked D-glucopyranan
and branches at C-6 of f-(1,4)-linked D-glucopyranan [87].
The structures of natural glycans are so diversified that
searching for new bioactive polysaccharides is interesting and
challenging. The extraction and purification techniques used for
the extraction of f-glucan from Lentinus edodes are summar-
ized in Table 1.

Chain conformation and conformational transition
of lentinan

Triple helical chain conformation

It has been reported that lentinan exists in the form of stiff triple
helices (denoted as t-LNT) in water and random coils in
DMSO using light scattering, size exclusive chromatography
and viscometry in combination with polymer solution theories
[16]. The established Mark-Houwink-Sakurada equation for
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Fig. 8 Schematic diagram of a model describing the conformational
transitions of lentinan with temperature in solution (a). Temperature
dependence of the excess heat capacity for lentinan in DMSO/water
mixtures detected by micro-DSC (b). Phase diagram for lentinan in
DMSO/water mixtures (c¢) [90]. Copyright 2009, American Chemical
Society. DSC thermograms for r-LNT against different renaturation

t-LNT in 0.5 M NaCl aqueous solution was found to be [7] =
7.69x 1076 M, (mL/g). The a value of the exponent in 0.5
M NaCl aqueous solution is far higher than that for lentinan in
DMSO (0.73) [88], indicating that lentinan exhibits rigid chains
in water and flexibility in DMSO. In the triplex structure, three
single chains are connected by interstranded hydrogen-bonding
networks among oxygen atoms (O2 and O2’) on different x-y
planes [59]. Three 2nd hydroxyl groups protrude toward the
center of the helical structure and form a hydrophobic cavity in
the triangular hydrogen-bonding network. Apart from the
individual triple-helical chain, as a result of the strong hydrogen
bonding and the small steric hindrance between short triple-
helical chains, lentinan with a molecular weight lower than
5.0% 10° self-compacts in a parallel manner to form “faggot-
like” aggregates in aqueous solution [89], suggesting that the
ordered structure of lentinan aggregates can be induced by
controlling the molecular weight.

Conformational transition at low temperature

The major driving force for maintaining the stability of the
helix structure for lentinan is the inter- and intramolecular
hydrogen bonds. At temperatures lower than 5°C, an
ordered triple helix (coded as triplex I) with a highly
immobile backbone is observed in water due to the inter-
molecular hydrogen bonding between the associating water

modes. RL mode: a large amount of water was added instantaneously
into lentinan/DMSO solution; ML mode: water was slowly added into
lentinan/DMSO solution at a uniform rate; DL mode: dialysis of
lentinan/DMSO solution in water at room temperature (d) [85].
Copyright 2012 John Wiley and Sons

layer and the side chain of triple helical lentinan [90]. When
the temperature is increased to 5 °C, the hydrogen-bonding
network can be broken easily, leading to the free rotation of
the side chains on the backbone of the triple helix (coded as
triplex II) (Fig. 8a). This conformational transition is a
reversible conformational transition from triplex I to triplex
II at lower temperatures. Interestingly, this conformation
transition temperature (77, shown in Fig. 8b) strongly
depends on the ratio of DMSO in the mixed aqueous
solution. As indicated, when the weight ratio of DMSO
(Wpmso) in water was lower than 0.70, lentinan changed
from triplex I to relatively free triple helix II with an
increase in temperature from 8 to 45 °C.

Triple helix-random coil conformation transitions

The stability of the chain conformation for macromolecules
is remarkably closely related to the solvent polarity, tem-
perature and pH value. It has been revealed that lentinan in
aqueous solution undergoes dissociation from a triple heli-
cal chain to single random coils under the conditions of T >
130 °C (T,) or wpmso 2 0.85 [90], as shown in Fig. 8b, c,
which is called denaturation. The denaturation process
occurs in a highly cooperative manner, suggesting that the
intra- and intermolecular hydrogen bonds are almost broken
simultaneously. The strong alkali environment also shows
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an adverse effect on the stability of the triplex structure. The
dramatic decreases in weight-average molecular weight M,
mean square radius of gyration (R,*) and intrinsic visc-
osity [n#] demonstrate that the helix-coil conformation
transition of lentinan occurs in a narrow range of NaOH
concentrations between 0.05~0.08 M NaOH [91]. These
results indicate that the hydrogen bonding supporting the
triple helix structure can be disrupted by solvents with
strong polarity or at higher temperatures.

Reformation of the triple helix from the dissociated single
chains of lentinan

It has been found that the dissociated lentinan glucan single
chains (s-LNT) can be reassembled into the triplex structure
(coded as r-LNT) under certain conditions, in which the
reconstruction of hydrogen bonding is closely involved [85].
However, the originally matched polymer chains can rarely
combine with each other, resulting in the coexistence of
complicated products such as worm-like, circular, duplex seg-
ment, Y shape-like, crossover species, and so on [92]. This
imperfect triple helical structure exerts an attenuated effect on
its biological functions. Thus, eliminating structural defects in
the regenerated triple helix lentinan appears to be an important
subject, particularly in the extraction process using an alkali
solution with a high concentration of 1.25 M NaOH. Therefore,
the reconstruction process of the triple helix lentinan must be
investigated systematically. In our findings, the structural
defects can be readily removed during the reconstruction pro-
cess by modulating the recovery conditions [85]. As shown in
Fig. 8d, when a large amount of water was added instanta-
neously into the lentinan/DMSO solution (RL mode), some
structural defects, such as duplex segments, were present in the
triple helix; when reconstruction was carried out via dialysis
(DL mode) or mimic dialysis (ML mode), water was slowly
added into the lentinan/DMSO solution at a uniform rate to
avoid the occurrence of a high content of water in the local
region, and all random coils with the matched chain size could
be well organized into the intact triple helix. Namely, the dis-
sociated single lentinan chains were reassociated into intact
triple helices as long as the water fraction slowly increased
sufficiently, indicating that the single p-glucan chains have a
strong nature to form triple helical structures. These results
provide a scientific basis for better understanding the relation-
ship between the high-order structure and physiological func-
tion of the reconstructed triple helix lentinan.

Biological functions of lentinan
Antitumor activity

Lentinan is now a commercial polysaccharide used as an
adjuvant agent in anticancer chemotherapy, and its
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outstanding anticancer activity was first identified by Chi-
hara et al. in 1969 [78]. Since then, concerns have focused
on its antitumor activities with the goal of unveiling more
possibilities against HT-29 tumors, breast cancer, lung
cancer and so on [93-96]. In our findings, lentinan has been
demonstrated to show a profound inhibition ratio of ~53%
against estrogen receptor-positive (ER+) MCF-7 tumor
growth in nude mice by suppressing cell proliferation and
enhancing apoptosis, possibly via multiple pathways,
including phosphatidylinositol 3-kinase/protein kinase B/
mammalian target of rapamycin (PI3K/Akt/mTOR), nuclear
factor kappa-B (NF-xB), extracellular signal-regulated
kinase (ERK), estrogen receptor o (ERa), caspase and
tumor suppressor p53-dependent pathways (Fig. 9a) [97].
Lentinan also significantly inhibits H22 tumor growth with
an inhibition efficiency of up to 73% without damaging
organisms [98]. The relatively low molecular weight with a
range of 3.01 x10°~9.18 x 10> and higher stiffness are
favorable for the higher antitumor activity than that for
molecular weights higher than 1.0 x 10° (Fig. 9b). The
notable efficiency was found to be associated with the
stronger interactions of the isolated extended triple helical
chains with the receptors on the immune cell membrane,
directly increasing the secretion of tumor necrosis factor o
(TNF-a) and promoting the cell proliferation of peritoneal
macrophages, whole spleen cells and lymphocytes [98, 99].
Accumulated evidence also confirms that lentinan inhibits
tumor growth and targets tumor sites with oral, intraper-
itoneal or intratumoral administration of lentinan by upre-
gulating the CD4+ T cell level in lymphoid organs to
reverse the impact of tumor burden, as well as altering the
tumor microenvironment by promoting CD4+ T cell and
neutrophil infiltration into tumor sites or directly recruiting
neutrophils from peripheral blood to kill tumors (Fig. 9c)
[100]. These results strongly support the antitumor effect of
p-glucans regardless of the mode of administration.

Anti-inflammatory activity

Inflammation is an immediate response of tissue toward
harmful stimuli or injury. The anti-inflammatory effect of
lentinan is mediated through the regulation of various
inflammatory cytokines, such as nitric oxide (NO), (TNF-o)
and interferon-y (IFN-y). [101]. Liu et al. proved that
lentinan decreases the expression of proinflammatory
cytokines such as interleukin-13 (IL-13) and cluster of
differentiation 30 ligand (CD30 L) by inhibiting TLR4
signaling-mediated inflammatory responses and disrupts the
intestinal microbial structure, showing potential therapeutic
applications in inflammatory bowel disease (IBD) and
colitis-associated cancer (CAC) [102]. In our findings,
lentinan extracted by sonication not only inhibited the
production of TNF-a and NO in lipopolysaccharide (LPS)-
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Fig. 9 Antitumor activity and mechanism of lentinan (LNT). Multiple
signaling pathways may be involved in LNT-treated ER + MCF-7
breast tumors (a) [97]. Copyright © 2017 Impact Journals. The
weights of tumors extracted from triple helical glucan (THG)-treated
mice bearing H22 tumors. *p <0.05, **p <0.01 vs. control, 5-Fu and
THGI1. p<0.05 was considered statistically significant (b) [98].
Copyright © 2017 The Royal Society of Chemistry. The positive

activated macrophage RAW?264.7 cells but also decreased
the protein expression of inducible nitric oxide synthase
(iNOS) and the gene expression of iNOS mRNA and TNF-
o mRNA. This striking anti-inflammatory effect may be
generated from the pathway partially via the suppression of
mitogen-activated protein kinase (MAPK) C-jun N-terminal
kinase 1/2 (JNK1/2) and ERK1/2 [80]. Our latest findings
indicate that lentinan significantly inhibits intestinal
inflammation in dextran sulfate sodium (DSS)-induced
colitis in mice (unpublished data). Taken together, both the
in vitro and in vivo results demonstrate that lentinan has
good anti-inflammatory properties and has potential appli-
cation in treating inflammatory diseases with greater safety
than chemical drugs.

Immunomodulatory activity

The ability to perform significant immunological activities
in an innate and adaptive manner for lentinan has long been
recognized [103]. Recently, an in vitro immunomodulatory
assay demonstrated that lentinan stimulates macrophage

integral optical density (IOD) of surface markers in the immuno-
fluorescence pictures was analyzed by Image-Pro Pro Plus 6.0 soft-
ware. Data are representative of three independent experiments.
*p <0.05, **p <0.01 vs. control. The values of p obtained from sta-
tistical analysis represent the difference between the groups. p <0.05
was considered statistically significant (¢) [100]. Copyright © 2019
Elsevier Ltd

phagocytic capacity, improves spleen and thymus indices,
promotes lymphocyte proliferation and adjusts the percen-
tages of CD4+ and CD8+ T cells [104]. We have revealed
that the immunomodulatory effect of lentinan can also be
modulated via the signaling pathway by directly stimulating
macrophages. Upstream molecules of MAP kinases, such as
ERK1/2 and JNK1/2, are activated through phosphorylation
in a time- and concentration-dependent manner. However,
the observation of nuclear transcription of NF-xB p65
without any production of proinflammatory mediators
(TNF-a and NO) implies that the activation mechanisms of
the immune system through modulation by f-glucans are
rather complex and depend on many factors that have not
yet been fully revealed [105]. The immunomodulatory
effects of f-glucans are influenced by differences in their
structural characteristics, such as branching frequency,
solubility, molecular weight, polymer charge, and con-
formation in solution. Hence, large challenges still exist,
such as determining the structure-function relationships and
mechanism of action, which are prerequisites and founda-
tions for their application.
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Self-assembly behavior and therapeutic applications
of lentinan

The free and reversible conformation transitions between
the triple helix and random coils of lentinan are of great
importance. On the one hand, biological activities can be
well regulated through the dissociation-reconstruction pro-
cess to maintain the integrity of the triplex structure since
single chains of lentinan are detrimental to its biological
activities [106, 107]. On the other hand, this unique self-
assembly behavior for polymer chains provides more
opportunities to fabricate novel nanocomposites with
potential applications in cancer therapy and imaging.

Lentinan/nanoparticles

Nanoparticles such as gold nanoparticles (AuNPs), sele-
nium nanoparticles (SeNPs) or carbon nanotubes (CNTs)
have been widely used in the biomedical, pharmaceutical
and food industries [108—110]. To improve biocompatibility
and reduce cytotoxicity, lentinan has been introduced as a
soft matrix to accommodate inorganic nanoparticles or
fluorescent dyes. Triple helical f-glucan is considered to
possess the highest stability for anchoring nanoparticles,
possibly because these nanoguests can be easily entrapped
into the hydrophobic cavity of the reconstructed triplex
structure during the reconstruction process. For example, a
novel nanocomposite of lentinan/SeNPs has been prepared
by reducing SeOs>~ in the presence of ascorbic acid and
s-LNT (shown in Fig. 10a, b). The generated element Se
could firmly bind to -OH groups on s-LNT chains through
Se-O interactions. Upon the subsequent reconstruction
process, the as-formed SeNPs will be wrapped by polymer
chains into the cavity of the triple helical structure, thus
protecting the Se particle nucleus from further accumula-
tion. Compared to SeNPs/t-LNT, the well-dispersed SeNPs/
s-LNT nanocomposites in the solution can remain homo-
geneous and translucent for a longer period without any
precipitates [111]. Moreover, lentinan can serve not only as
a capping agent to stabilize nanoparticles but also as a
reducing agent in some cases. As illustrated in Fig. 10c,
Au’* can be reduced and stabilized by s-LNT, and the as-
prepared AuNPs can be converted into nanobelts, spherical
nanoparticles, and nanowire morphologies simply by con-
trolling the s-LNT concentration, reaction time and tem-
perature. In the same way, AuNPs can be entrapped and
organized into the nanowire in the hydrophobic cavity of
reconstructed triple helical lentinan from s-LNT [112].
Benefiting from this feature of reversible conformation
transition, other guests, such as silver nanoparticles
(AgNPs) and CNTs, have also been immobilized into the
lentinan matrix. The as-fabricated AgNP/s-LNT nanoplat-
form can be used as a color indicator for the formation of
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polysaccharide aggregates [113], whereas CNT/s-LNT
nanocomposites endow CNTs with higher water solubility
and cell viability [114]. The water-soluble s-LNT chains
can wrap on the surface of hydrophobic CNTs in a helical
manner, indicative of a flexible, induced-fit-type size
selectivity for lentinan independent of the surface nature of
the guest nanoparticles.

In addition, a distinctive self-assembly of triple helical
lentinan was reported in our work [115]. It was found that
lentinan in water aggregates preferentially along the chain
direction to form longer chains, accompanied by side-
direction linkage to form branches. With an increase in
concentration, the polymer chains of lentinan are arranged
in a parallel manner to form dendritic fiber-like aggregates
and further intertwine to form fishnets. More interestingly,
as shown in Fig. 10d-g, a hydrophobic AIE molecule of
tetraphenylethylene (denoted as TPE) can be entrapped into
the meshes of lentinan fishnets. Due to the self-assembly of
lentinan, the as-prepared lentinan/TPE composite largely
enhances the blue fluorescence of TPE in water, exhibiting
stable optical properties and good biocompatibility. It is
thus promising to carry TPE and its derivatives on lentinan
for multifunctional applications in the biomedical field,
such as bioimaging and treatment of cancers.

Lentinan/polynucleotide nanocomposites

It has been confirmed that single chains of triple helical S-
glucans (e.g., schizophyllan) specifically interact with
homopolynucleotides such as poly(C), poly(A), poly(U),
poly(T) and poly(dA), thus forming a novel macro-
molecular complex [116]. This kind of complex consisting
of two single chains of the triple helical f-glucan and one
chain of polynucleotide can be formed when reformation of
the triple helix occurs in the presence of the polynucleotide.

It is generally considered that the combination of
hydrophobic and hydrogen-bonding interactions plays an
important role in stabilizing the helical structure [40, 117].
In our findings, s-LNT/poly(dA) exhibited higher stability
[38], indicating that lentinan can be used as an excellent
gene carrier. For example, based on the interaction of
s-LNT with poly(dA), a promising strategy for the effective
delivery of phosphorothioated antisense oligodeoxyr-
ibonucleotide of TNF-a (denoted PS-ATNF-a) targeting
intestinal inflammation has been developed [44]. As shown
in Fig. 11a, the target of PS-ATNF-a with a poly(dA) tail
through a disulfide bond interacts with s-LNT to form a rod-
like nanocomposite; PS-ATNF-« is internalized effectively
into macrophages with the aid of s-LNT/poly(dA) nano-
composites, downregulating the mRNA expression of the
target gene TNF-a and reducing the secretion of TNF-a in
the colon with DSS-induced colitis. Furthermore, s-LNT/
poly(dA) nanocomposites loaded with PS-ATNF-a can be
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Fig. 10 Formation of lentinan/ t-LNT

nanocomposites. Scheme of
SeNPs dispersion by s-LNT and
t-LNT (a). TEM images of
selenium nanoparticles in Se/s-
LNT-1, Se/s-LNT-2 and Se/s-
LNT-3 aqueous solutions (the
reaction time was 3 days) (b)
[111]. Copyright © 2015
Elsevier Ltd. Scheme of the
synthesis and dispersion of
AuNPs by s-LNT at different
concentrations (¢) [112].
Copyright © 2013, American
Chemical Society. Fluorescence
emission spectra of t-LNT/TPE
with different concentrations of
t-LNT in 95% H,O/DMSO (d).
Photographs of TPE (left) and t-
LNT/TPE (right) in 95% H,0/
DMSO taken under 365 nm UV
light illumination with a t-LNT
concentration of 0.5 mg/mL (e).
TEM image of t-LNT/TPE
composites with a t-LNT
concentration of 0.5 mg/mL (f).
Scheme of the self-assembly
process for t-LNT in water with
TPE (g) [115]. Copyright ©
2017 Elsevier Ltd
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orally administered through encapsulation into a hydrogel
matrix to inhibit colon colitis progression.

By virtue of the concept of this design, we fabricated a
theranostic nanoplatform with biosafety through the spe-
cially recognized binding of s-LNT to poly(dA) (Fig. 11b).
In the architecture, the s-LNT-Dox conjugates are allowed
to combine with poly(dA)-dye into a novel composite of s-
LNT-Dox/poly(dA)-dye, with the expectation of simulta-
neous delivery of Dox and the dye to tumor cells for therapy
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and bioimaging. Dox and the dye are transported into HeLa
cells or tumors with efficient tumor accumulation and
bioimaging, dramatically inhibiting tumor growth [118].
Furthermore, we attached a nucleic acid aptamer (AS1411)
to the poly(dA) tail and constructed an alternative s-LNT-
FITC/poly(dA)-aptamer composite (FITC, fluorescein iso-
thiocyanate) (Fig. 11c) to enhance the targetability. Due to
the incorporation of an aptamer, this nanocomposite bio-
material is demonstrated to display enhanced -cellular
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Fig. 11 Schematic diagram of a
intragastric administration of s-

LNT/poly(dA)-DNA AR -

nanocomposites encapsulated in
the chitosan-alginate (CA)
hydrogel and the specific release
in the inflammatory intestine to
suppress TNF-a production (a)
[44]. Copyright © 2019 John
Wiley and Sons. Schematic
illustration of the preparation
and intracellular release of s-
LNT-Dox/poly(dA)-dye (Dox,
doxorubicin hydrochloride) (b)
[118]. Copyright © 2019,
American Chemical Society.
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internalization [119]. These results provide more alternative
strategies for constructing #-glucan-based delivery systems,
where various chemotherapy drugs, imaging reagents and
functional groups can be introduced to this platform
according to the therapeutic requirements, showing great
potential in personalized tailored medical therapy.

Yeast $-glucan

Yeast is a kind of fungus in the genus Saccharomyces and
has been used for the fermentation of wine and bread for
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thousands of years [120]. Commonly, yeast particles pre-
sent a spherical or columnar shape with a size of ~2—4 pum.
The major constituents of the yeast cell wall are poly-
saccharides, accounting for ~80-90%, such as f-(1,3)-glu-
can, f-(1,6)-glucan, mannan and a minor fraction of chitins
and proteins [121-123]. In particular, yeast S-glucans, as
the dominant structural polysaccharide, have been
proven to show significant immunomodulatory properties;
thus, yeast pB-glucans have been approved as novel food
ingredients by the European Food Safety Authority [124]
and recognized as safe by the US Food and Drug Admin-
istration [121].
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Extraction and chemical structure of yeast 8-glucan

Usually, yeast p-glucan with relatively high purity can be
obtained with the assistance of chemical extraction tech-
nology, which is crucial for clarifying its biological activ-
ities and mechanisms. As demonstrated in Fig. 12a, four
fractions with different structures are purified from crude

10 12 14 16 18 20 22 24 26
Time (min)

yeast f-glucan (denoted as BBG) by hot water and NaOH,
which are coded as BBG1, BBG2, BBG3 and BBG4,
respectively. Characterization revealed that BBGI is a
composite of highly branched p-(1,6)-glucan linked with
mannoprotein, BBG2 displays a linear structure of f-(1,3)-
glucan, BBG3 is a f#-(1,3)-glucan with a small number of
p-(1,6)-branches, and BBG4 is a hybrid consisting of linear
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Fig. 13 Structures of p-(1,3)-
branched f-(1,6)-glucan and S-
(1,6)-branched f-(1,3)-glucan
from the yeast cell wall [121].
Copyright © 2013 John Wiley
and Sons

HO OH

p-(1,3)-glucan as a major and pS-(1,6)-branched p-(1,3)-
glucan as a minor (Fig. 12b—d) [125]. For BBG2 and
BBG4, the glucose contents reached 98%. In addition,
ultrasonic or enzymatic-assisted extraction is employed to
isolate f-(1,3)-D-glucan from yeast without any damage to
the biological activity of its origin, and the extraction effi-
ciency has been quantified up to 50.5% [126, 127].

After successive alkaline and acidic treatments, branched
p-(1,3)-D-glucan and f-(1,6)-D-glucan account for ~85%
and 15% of the total polysaccharides in the yeast cell wall,
respectively [128]. Namely, p-glucan is the major
component.

As indicated in Fig. 13, the two types of glucans present
different physical features. f-(1,3)-D-glucan with a linear
high-molecular-weight chain, along which side chains of S-
(1,6)-D-glucopyranosyl units that are randomly dispersed, is
alkali-insoluble, while the shorter polysaccharide consisting
of f-(1,6)-D-glucan backbones, which may act as a flexible
glue due to their ability to covalently cross-link to f-(1,3)-
D-glucan, chitin and mannoprotein, is alkali-soluble
[129, 130]. The structural features of f-glucan from yeast
are shown in Table 1.
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Chain conformation

A major obstacle to identifying the chain conformation is its
poor solubility in aqueous media. Although disputes exist,
p-glucan is suggested to adopt both a single helix and triple
helix conformation, which was confirmed by X-ray dif-
fraction and Magic-Angle Spinning '*C-NMR [131, 132].
More evidence has been obtained from the molecular
weight analysis of a water-insoluble yeast-derived f-glucan
by organic-phase size-exclusion chromatography, where the
water-insoluble yeast-derived f-glucan was converted into
water-soluble pharmaceutical-grade glucan phosphate
without destruction of its native structure [133].
Interestingly, after intensive treatment with a combina-
tion of alkaline, acidic solution and organic solvent, the
yeast cells exhibit a special morphology by partially
removing the soluble components from the inner core. In
our findings, the resultant particles maintained the shape of
yeast cells and displayed a uniform size of 2~4 ym with a
porous and hollow structure (Fig. 14). The particle shell
primarily composed of -glucan (>90%) facilitates receptor-
mediated phagocytic cell uptake [134]. Meanwhile, the



Specific B-glucans in chain conformations and their biological functions

443

Fig. 14 TEM image of intact
yeast (a). SEM image of intact
yeast (b). TEM image of yeast
glucan particle (YGP) (50 mg/
mL) (¢). SEM image of YGP (d)

a r

hollow cavity of the particles allows for adsorption and
encapsulation of payload molecules. Therefore, the yeast /-
glucan-derived carrier can be considered an ideal candidate
for targeting drug delivery with higher internalization effi-
ciency [135].

Biological activity of yeast g-glucan

Yeast-derived f-glucans as immunomodulatory agents may
activate the host immune response and thereby promote
resistance to infections or cancer development/progression
[121, 136]. These insoluble particles can be phagocytosed
by dendritic cells and macrophages via the recognition of
dectin-1, complement receptor (CR3) or TLR-2/6 receptor,
leading to the T-cell response and cytokine release
[121, 137, 138]. Moreover, yeast p-glucans exhibit high
efficiency in anti-inflammatory and hypoglycemic activities.

Immunomodulatory activity

The immunomodulatory effects of yeast f-glucans are
demonstrated to be mediated primarily through their
recognition by specific receptors. These so-called pattern
recognition receptors (PRRs) play important roles in host
defense and present specific opportunities for clinical
modulation of the host immune response. Of these, dectin-1
is the most commonly studied f-glucan receptor, which is a
type II transmembrane protein C-type lectin receptor
expressed on monocytes, macrophages, neutrophils and
dendritic cells (DCs) [139]. When dectin-1 is bound to f-
glucan, such as zymosan, it induces the production of var-
ious cytokines and chemokines, including TNF-a, CXC-
chemokine ligand 2, IL-2, IL-10 and IL-12, and gives rise to

the respiratory burst through phagocytosis and possibly
endocytosis [140]. In most cases, this intracellular signaling
mainly depends on the cytoplasmic immunoreceptor
tyrosine-based activation motif (ITAM) as well as the
activation of a PI3K/Akt pathway [141, 142]. In addition,
the immunomodulatory effects of f-glucans can be modu-
lated by means of oral administration. S-glucans can be
phagocytosed by intestinal epithelial cells or pinocytic
microfold cells (M-cells) and further transported from the
intestinal lumen to immune cells within Peyer’s patches
[121, 137]. Following exposure to p-glucans, gastro-
intestinal macrophages might migrate through the blood-
stream toward the lymph system, ultimately exerting their
immunomodulatory functions [143].

Anti-inflammatory activity

Anomalous and perpetual inflammation may cause various
pathophysiological conditions, including hepatitis, athero-
sclerosis and cancer [144]. Yeast f-glucan can interact with
cells of the innate immune system to trigger an adaptive
anti-inflammatory response.

In our findings, yeast B-glucan suppresses LPS-induced
NO production by 35-70% independent of dectin-1, pos-
sibly by suppressing iNOS expression and downregulating
the TLR4/INK and TLR2 pathways. Meanwhile, the pro-
duction of several cytokines, including interleukin IL-1a,
IL-1ra, and IL-27, is attenuated by treatment with yeast f-
glucan particles, showing potential as a powerful inhibitor
of inflammatory stimuli [145]. Recently, we also revealed
that Baker’s yeast p-glucans (BBGs) display anti-
inflammatory effects in intestinal inflammation therapy.
As indicated in Fig. 15a, b, the disease index (DAI), colon
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lengths and spleen sizes of mice, which reflect the severity
of clinical symptoms, were obviously lowered by yeast f3-
glucan (BBG2) compared with those in the DSS-induced
model group, suggesting that orally administered yeast -
glucan reduces the clinical symptoms and promotes recov-
ery of colitis mice. This occurrence seems to be ascribed to
the weakness of the pro-inflammatory mediators of IL-6,
iNOS and IL-1 at the protein and/or mRNA levels, as well
as the reduction of colonic mucosal damage and macro-
phage infiltration in DSS-induced colitis mice [125].
Chronic inflammation widely exists in visceral adipose
tissues (VATs), especially for patients with long-term
metabolic pathogenesis of obesity, insulin resistance and
type-2 diabetes. The dramatic inhibitory effect of yeast f-
glucan on chronic inflammation was also observed in our
work. With oral administration, yeast #-glucans improve the
microenvironment in adipose tissues and suppress chronic
inflammation by stimulating immune responses. Yeast f-
glucan (BYG) decreases the pro- and anti-inflammatory
cytokines TNF-a, IL-6, IL-1p, IL-10 and IL-1ra (Fig. 15¢)
and increases the anti-inflammatory factor Azgpl at the
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protein and/or mRNA levels. Furthermore, BYG increased
the gut microbiota proportion of Akkermansia from 0.07%
to 4.85% and improved the microenvironment of VATs by
decreasing fibrosis and angiogenesis (Fig. 15c, d). All of
these benefits suggest that yeast f-glucans have significant
anti-inflammatory activity in diabetic hosts and can be used
as a food component and/or therapeutic agent for diabetes
[146].

Antitumor activity

Yeast-derived f-glucan can exert its antitumor effects in a
variety of ways. For example, yeast f-glucan particles
decrease the accumulation of polymorphonuclear myeloid-
derived suppressor cells (MDSCs) in the tumor micro-
environment through the induction of respiratory burst and
apoptosis. MDSCs are a heterogeneous population of
immature myeloid cells that contribute to tumor escape
from immunological attack; thus, after treatment with yeast
p-glucan, the tumor weight and splenomegaly in tumor-
bearing mice were significantly reduced. Meanwhile, yeast



Specific B-glucans in chain conformations and their biological functions

445

Liver Gut
. Lipin1/2 Acot3 ; A
p Acly-CoA Fatty acid !
Y G
BT e - \I,Microbiota
Elvol§ s\
p-AMPK —cSrebp-n\—» Fas| Acetyl-CoA
p-Acc] 0{‘
. ()
Cholesterol «— "< Acetyl-CoA Fat emulsion
Acly Fas
Cyp7al Pkir p-Acc
Cyp8b1 ————1G6pase \
P-AKT BYG
Bile acids
<@ /
SGLT-1
GLUT2
p-AMPK
Circulation

Fig. 16 Proposed mechanism by which BYGlc ameliorates glucose
and lipid homeostasis in ob/ob mice. Orally administered BYGlc
suppresses intestinal SGLT-1, glucose transporter 2 (GLUT2), and fat
emulsification to decrease intestinal glucose and lipid absorption. The
changed microbiota is attributable to the ameliorated glucose/lipid
homeostasis in the liver, indicated by the upregulated protein expres-
sion of phosphorylated AKT (p-AKT) and phosphorylated adenosine
monophosphate activated protein kinase (p-AMPK) and restrained
gene expression of rate-determining enzymes in gluconeogenesis
(G6pase and Gotl), fatty acid biosynthesis (Acly, Acc, Fas, Elovl6, and
Acot3), glycerolipid synthesis (Gpam and Lipin2/2), and cholesterol
and bile acid metabolism (Hmgcr, Cyp7al, and Cyp8bl) pathways
[153]. Copyright © 2017, American Chemical Society

p-glucan-treated monocytic MDSCs (M-MDSCs) can be
induced to differentiate into potent antigen-presenting cells
(APCs) via the ERK1/2 phosphorylation pathway, leading
to a decrease in tumor burden [147]. Qi et al. revealed that
yeast f-glucan improves its antitumor responses by directly
abrogating  tumor-educated dendritic  cell-associated
immune suppression and promoting Thl differentiation
and cytotoxic T lymphocyte priming [148]. Furthermore,
yeast-derived f-glucan is verified to delay tumor growth by
converting polarized alternatively activated macrophages or
immunosuppressive tumor-associated macrophages
(TAMs) into a classically activated phenotype with potent
immune-stimulating activity. This process is associated with
macrophage metabolic reprogramming and can be mediated
via the dectin-1-induced spleen tyrosine kinase-Card9-Erk
pathway. These findings have established a new paradigm
for macrophage polarization and immunosuppressive TAM
conversion and shed light on the mode of action of f-glucan
treatment in cancer [149].

Hypoglycemic activity

It has long been known that consumption of a diet high in
crude yeast f-glucan particles can prevent insulin resis-
tance and balance blood glucose, showing powerful
ability in the treatment of obesity and diabetes [150, 151].
However, the uncertainty of diverse ingredients and che-
mical structures in yeast #-glucan usually leads to chaotic
and inconsistent bioactivities and mechanisms. In our

work, the hypoglycemic activity of purified Baker’s yeast
p-glucan with a defined chemical structure was tentatively
elucidated. Oral administration of high-purity p-glucan
(BYGIc) has a beneficial effect on metabolic disorders in
diabetic mice. BYGlc can promote hepatic glycogen
synthesis and decrease hepatic lipid accumulation through
the insulin receptor substrate (IRS)/Akt insulin signaling
pathway. More importantly, BYGIc inhibits the expres-
sion of glucose transporter sodium-glucose transporter-1
(SGLT-1) and alters the population of gut microbiota, thus
resulting in a decrease in blood glucose and alleviating
chronic inflammation [152]. Further research revealed
that BYGIc downregulates gluconeogenesis-associated
gene (G6bpase and Gotl) levels and reduces the gene
expression of fatty acid biosynthesis (Acly, Acc, Fas,
Elovl6, and Acot3), glycerolipid synthesis (Gpam and
Lipin2/2) and cholesterol synthesis (Hmgcr, Cyp7al, and
Cyp8b1) (Fig. 16). Overall, BYGIc exerts its hypogly-
cemic activity by reducing liver glucose output, lowering
blood sugar and inhibiting the accumulation of fat in the
liver [153].

Potential therapeutic applications

Yeast p-glucan particles with hollow cavities can target
phagocytic cells through M cell-mediated endocytosis,
making them excellent candidates for drug delivery as well
as bioimaging agents [136]. In addition, they display
advantages such as convenience, good safety profile, easy
control and greater patient compliance. Hence, yeast-
associated nanoparticle-based microencapsulation offers a
promising strategy for the treatment of various medical
conditions.

Drug delivery

Drugs can usually be encapsulated into yeast f-glucan
particles with cavities by utilizing precipitation, lyophili-
zation or reversed-phase evaporation methods depending on
the nature of the drug molecules [134, 154, 155]. Following
sealing treatment to trap the guests into the cavity, the as-
prepared nanoplatform can successfully deliver the pay-
loads to targeted sites. For example, a water-insoluble drug
of rifampicin used in tuberculosis treatment has been effi-
ciently loaded into yeast f-glucan particles with the help of
alginate or chitosan hydrogels [134]. The resulting for-
mulation exhibits slow and continuous release behavior for
24~72h and reduces intracellular tuberculosis levels in
infected bone marrow-derived macrophages. Small water-
soluble compounds can also be encapsulated into the
hydrophobic cavity through the reversed-phase evaporation
method [154]. Depending on the characteristics of the
liposomes entrapped in the particles, this construct may act
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as a biocompatible carrier to deliver and release in a
triggerable way.

Benefitting from the native biological activities of anti-
inflammatory and antitumor agents, yeast f-glucan particles
can synergize with small molecule drugs to exert better
therapeutic effects. For example, a targeted oral delivery
system of yeast f-glucan particles carrying the anti-
inflammatory drug methotrexate (MTX) has been devel-
oped, as shown in Fig. 17. MTX can be loaded into yeast
glucan particles (YGPs) through reprecipitation with a high
encapsulation efficiency of up to 85%. Following immobi-
lization of the alginate hydrogel, the obtained composites
can be internalized into RAW264.7 macrophage cells
through dectin-1 and CR3 receptors. Furthermore, this
microcapsule can suppress the proliferation of macrophage
cells efficiently, leading to downregulation of proin-
flammatory cytokines induced by LPS. Accumulation of the
nanocomposite in the inflammation site of colitis mice
enables it to target the inflammatory site, significantly
improving the uptake of MTX and reducing the cytotoxicity
of MTX [155].

Gene delivery

Based on the vesicle structure, the encapsulation of anionic
plasmid DNA or siRNA into yeast f-glucan particles has
also been achieved via layer-by-layer assembly induced by
electrostatic interactions [156, 157]. By creating a positive
core of tRNA/polyethylenimine (PEI), the target gene sec-
tions can be firmly bound into the cavity of yeast f-glucan
particles for further application of transfection. For exam-
ple, the as-formed formulations containing plasmid
gWizGFP effectively transferred the genes into NIH3T3-D1
cells even with a rather low dose value of 125 ng of DNA/
5% 10° cells, whereas the transfection efficiency of DNA/
PEI nanocomplexes that were not entrapped inside yeast -
glucan particles was negligible [156]. In the same way,
engineered p-glucan-encapsulated siRNA particles can be
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taken as efficient oral delivery vehicles to attenuate sys-
temic inflammation by targeting macrophage mitogen-
activated protein kinase kinase kinase kinase-4 (MAP4K4)
[157]. The results indicate that oral gavage of mice with
these microcapsules containing as little as 20 pg/kg siRNA
can direct against TNF-a and silence messenger RNA in
macrophages recovered from the peritoneum, spleen, liver
and lung. This high potency is considered to be related to
the protection of siRNA against nuclease degradation, low
nonspecific binding of these formulations to the gut, and
high uptake efficiency by phagocytic cells in the gut-
associated lymphatic tissue.

Vaccine delivery

The development of yeast -glucan particle-derived micro-
carriers has provided a promising strategy for vaccination
by applying safe, biodegradable and nonreplicating antigen
delivery systems. Yeast f-glucan can be internalized into
human intestinal epithelial cell lines and elicit cellular and
humoral immune responses without exerting negative
effects on cell viability. Hence, yeast f-glucan vehicles can
serve as an oral antigen delivery system. Smet et al. showed
that f-glucan particles are able to deliver ovalbumin (OVA)
via an oral route, allowing efficient antigen presentation
alongside adaptive immune activation, resulting in a Th17-
biased response and the production of OVA-specific IgA,
secretory IgA and secretory component antibodies [17].
Hong et al. also reported that aluminum salt can be
encapsulated into yeast f-glucan vehicles as an oral vaccine
adjuvant for potential utilization in the treatment of cancer
and infectious diseases. These hybrid particles can be highly
specifically targeted to APCs and strongly activate dendritic
cell (DC) maturation and cytokine secretion. Further studies
indicate that this particulate system can elicit a strong Thl-
biased immune response and extremely high antibody titer
and cause marked prophylactic and therapeutic effects
against tumors, showing an excellent ability to stimulate
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humoral and cellular immune responses at the same time
[158].

Bioimaging

Bioimaging is usually used in disease diagnosis. Diverse
charged nanoprobes, including quantum dots (QDs), iron
oxide nanoparticles (IONPs), and assembled organic fluor-
escent nanoparticles, can be effectively loaded into yeast
capsules (YCs) through electrostatic force-driven sponta-
neous deposition, resulting in different diagnostic assem-
blies. YCs containing either nanoprobes or nanotherapies
may be rapidly endocytosed by macrophages and main-
tained in cells for a relatively long period of time. The
nanoparticles packaged in YCs are first transcytosed by M
cells and sequentially endocytosed by macrophages, then
transported to neighboring lymphoid tissues, and finally
delivered to remote diseased sites of inflammation or tumors
in mice or rats through the natural route of macrophage
activation, recruitment, and deployment, affording remark-
ably improved efficacies for the treatment of multiple dis-
eases associated with inflammation. A system with the
capability to precisely and conveniently deliver nano-
particles through oral administration opens a new avenue
for the diagnosis and treatment of many diseases [36].
Based on the above, yeast p-glucan particles offer a
promising platform for oral delivery of payloads to distant
sites. Taking advantage of yeast p-glucan particles,
including high loading capacity, oral bioavailability, f-
glucan receptors targeting macrophages and dendritic cells,
cell trafficking to the reticuloendothelial system and sites of
pathology, these microcapsules are expected to serve as a
bioinspired delivery system for more therapeutic cargos.
Moreover, the exploration of genetically engineered yeast is
needed due to the high survival rate in the digestive tract.

Conclusions and future perspectives

Natural polysaccharides, particularly p-glucans, have
attracted much attention and have been widely applied in
the field of biomedicine due to their good biocompatibility
and various bioactivities. In this review, the chemical
structure, chain conformation, biological activity, and
therapeutic applications of three representative f-glucans of
AF1 from AAJ, lentinan from Lentinus edodes and yeast -
glucan were summarized.

Studies on the structures and chain conformation have
confirmed that AF1, lentinan and yeast f-glucan are all
triple helix f-glucans containing a backbone of linear fS-
(1,3)-glucan with or without f-(1,6)-branches. Of these,
triple-helix AF1 can self-assemble in parallel into nanotubes
or nanofibers owing to its stiff conformation, and the

hydrophobic cavity of AF1 nanotubes can be applied as a
one-dimensional host for many target guests, such as DNA,
nanoparticles and small functional molecules. Similar to a
water-soluble triple helix p-glucan, the conformational
transition between the triple helix and random coil of len-
tinan is another crucial issue. The random coil can be well
organized into an intact triple helix by modulating recovery
conditions, and nanoparticles can be easily entrapped into
the triple helix cavity during the dissociation-reconstruction
process. In particular, the single chains of lentinan and
homopolynucleotides can be associated into a heterotriple
helix, which can be used as a gene carrier. For yeast /-
glucan particles, the inherent hollow and porous vesicle
structure makes them quite suitable as drug carriers. It is
worth mentioning that triple helix #-glucans possess various
bioactivities, such as antitumor, anti-inflammatory, and
antidiabetic activities. The underlying molecular mechan-
ism has been proposed: the triple helix f-glucan can be
specifically recognized by receptors on the immune cell
surface, such as dectin-1 or Toll-like receptors, to activate
the host’s immune response. Currently, several health pro-
ducts derived from these natural polysaccharides have been
employed in clinical practice. The low cytotoxicity, various
activities and targetability of f-glucans endow them with
great potential in the food and medicine fields as functional
food, drugs, and biomedical materials.

In view of the abovementioned findings, although phar-
maceutical preparations derived from natural poly-
saccharides exhibit excellent biological activities and have
been applied clinically, more structural information and
clinical trials are still needed to search for new functions
and establish structure-function relationships. In particular,
little information on the higher ordered structure of poly-
saccharides is known, and they may play key roles in
interactions with cells. We believe that there are many new
functions undisclosed for polysaccharides, and efforts have
to be made to clarify them. In addition, receptors that can
specifically recognize these f-glucans have only been dis-
covered on the surface of immune cells until now; however,
the interactions between cancer cells and polysaccharides,
especially potential receptors on cancer cells, are poorly
understood, which is a challenging subject and is worth
investigating.

In summary, natural f-glucans with triple helices from
Auricularia auricula, Lentinus edodes and yeast are
potential health products with good biocompatibility and
promising application prospects. Research and development
on f-glucans have great significance in the fields of both
food and biomedicine.
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