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Abstract: Morchella esculenta (L.) Pers., referred to as Morel, is a medicinal and edible homologous
fungus, which contains many bioactive substances. In Morel, polysaccharides are the most abun-
dant and have various bioactivities. In the present work, two novel polysaccharides, Se-MPS and
MPS, were prepared and purified from selenium-enriched (Se-enriched) and common Morel mycelia,
respectively, and their structural and immunomodulatory properties were evaluated. The results
show that Se-enriched treatment significantly changed the polysaccharides’ chemical composition,
molecular weight, and sugar chain configuration. In addition, the Se-enriched treatment also im-
proved the polysaccharides’ fragmentation and thermal stability. Importantly, Se-enriched Morel
polysaccharide (Se-MPS) could significantly enhance phagocytosis of RAW 264.7 macrophage cells
and, remarkably, activate their immune response via activating the TLR4-TRAF6-MAPKs-NF-κB
cascade signaling pathway, finally exerting an immunomodulatory function. Based on these find-
ings, selenium-enriched Morel polysaccharide appears to have more potential for development and
utilization in functional foods or medicines than ordinary Morel polysaccharide.

Keywords: Morchella esculenta (L.) Pers.; selenium-enriched polysaccharide; physicochemical
composition; structural characterization; immunomodulation; toll-like receptor 4

1. Introduction

Morel is a precious edible or medicinal mushroom highly valued worldwide for its
unique sensory properties and high nutritional value [1]. Since Morel is rich in unique
aroma, delicious taste, delicate flavor, and meaty texture, it is used in cooking delicacies [2].
Additionally, Morels have been used as traditional medicine for centuries due to their ability
to prevent or treat many diseases [3]. Microbial resources including Morels serve as natural
resources and gold mines for therapeutics, supplements and nutraceuticals discovery [4].
It is reported that the pharmacological activity of Morel is related to its various chemical
components, including polysaccharides, amino acids or proteins, lipids, vitamins, sterols,
and organic acids [1]. These natural products are widely used as botanical medicines
and nutraceuticals to help prevent a variety of diseases, including cancer, cardiovascular
disease and neurodegenerative health conditions [4]. Morel polysaccharides (MPS), in
particular, have been proven to exhibit anti-tumor, antibacterial, and immune-enhancing
effects and have received more and more attention from researchers [5]. As a result,
Morel polysaccharide has considerable research and economic value, regardless of their
application in healthcare or medicine.

Selenium (Se) is an essential trace mineral for the body’s proper functioning [6]. It
plays a crucial role in maintaining a healthy immune system and protecting cells from
oxidative stress [6]. There is also some evidence to suggest that Se may have a protective
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effect against certain types of cancer [7]. Usually, selenium exists as selenium acid, selenite,
or elemental selenium in nature. However, the inorganic form of selenium can be converted
into an organic form in various organisms by binding to polysaccharides, polypeptides,
or proteins [8,9]. The importance of Se and MPS to human health cannot be overstated,
and therefore, Se-MPS as a nutritional supplement can not only optimize the physiological
and pharmacological functions of two components, but also reduce the intrinsic limitations
of selenium and polysaccharides in processing applications such as their low solubility
and bioavailability [10]. The physicochemical properties, bioactivities, and structural
characterization of MPS have been thoroughly studied. However, few studies have been
conducted on Se-MPS, which dramatically limits its development and utilization.

Immunomodulation is one of the typical bioactivities of edible fungal polysaccharides,
and many edible fungal polysaccharides have been reported to exert immunomodulatory
activity. For example, a polysaccharide isolated from the fruiting body of Inonotus obliquus
was reported to induce NO/ROS production, TNF-α secretion, and phagocytic uptake in
macrophages [11]. Additionally, it could modulate immune responses by promoting the
activation of macrophages via MAPK and NF-κB pathways. Similarly, a water-soluble
glucan polysaccharide from Flammulina velutipes mycelium could promote NO produc-
tion, IL-1 production, and TNF-α secretion in macrophages [12]. Meanwhile, a study by
Su et al. revealed that Morchella conica polysaccharide could regulate NO production in
macrophages and modulate innate immunity at specific concentrations [13]. However,
Se-enriched edible fungal polysaccharides, particularly Se-MPS, have not been studied for
their immunomodulatory activity. It is necessary to conduct more investigation to improve
understanding of the immunological activity of Se-enriched edible fungal polysaccharides.
Aiming at this issue, we prepared two polysaccharides (Se-MPS and MPS) and investigated
their structural and immunomodulatory properties. In addition, the primary mechanism
of immune activation was further investigated.

2. Results and Discussion
2.1. Preliminary Composition Analysis

A significant increase was observed in yields for Se-enriched (8.74 ± 0.14%) and
non-Se-enriched (15.74 ± 0.11%) crude polysaccharides compared to previously published
data from L. edodes mycelium polysaccharides [14]. According to reports, organosele-
nium contributed to higher selenopolysaccharide yields [15], suggesting that Se in Se-MPS
may mainly exist as organic selenium. From the yield comparison, the selenium en-
richment could also affect crude Morel polysaccharide yield. After purification by using
Sepharose FF gels, only 0.5 M NaCl eluted fractions delivered high yields (11.68 ± 0.25%
and 14.65 ± 0.18%, respectively), while the yields of other eluted fractions were less than
1% (Figure S1). Therefore, we only performed further analysis on the 0.5 M NaCl eluted
fraction. Preliminary composition analysis (Table 1) showed that the prepared MPS and
Se-MPS contained high total sugar content and trace amounts of uronic acid and protein, in-
dicating that the two purified fractions are acidic polysaccharides carrying a small amount
of binding protein [16]. Further, Se-MPS had lower uronic acid levels than MPS, indicating
that selenization degrades uronic acid [8]. Notably, the selenium content of Se-MPS after the
cultivation of the selenium enrichment step was much higher than that of MPS, indicating
the effectiveness of our artificial selenizing procedure [17].

Table 1. Preliminary chemical composition of Morel polysaccharide (MPS) and Se-enriched Morel
polysaccharide (Se-MPS).

Sample Total Sugar (%) Uronic Acid (%) Protein (%) Se (µg/g) Yield (%)

MPS 87.8 ± 0.32 0.73 ± 0.03 0.92 ± 0.06 2.71 ± 0.05 11.68 ± 0.25
Se-MPS 98.6 ± 0.22 0.37 ± 0.01 0.32 ± 0.02 214.07 ± 0.78 14.65 ± 0.18
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Monosaccharide composition analysis (Figure 1) showed that MPS was composed of
Rha, Gal, Glc, Xyl, GalA, GluA, and GlcA, with a molar ratio of 0.35:1.70:171.00:1.29:4.54:2.06:4.30,
whereas Se-MPS was composed of Rha, Ara, Gal, Glc, Xyl, GalA, GluA, and GlcA, with a mo-
lar ratio of 0.26:0.23:4.54:273.30:3.14:4.18:1.40:3.62. This result indicated that the selenium-
enriched treatment changed the monosaccharide composition of MPS, which was consistent
with the results reported by Zhu et al. [8]. As well as different molar ratios of monosaccha-
rides, Ara was also present in Se-MPS, suggesting that artificial selenization might produce
new monosaccharides in MPS [8]. Interestingly, Glc was the dominant monosaccharide
(≥90%) in both polysaccharides, which was consistent with previous reports [18,19]. These
results indicated that artificial selenization might not change the proportion of dominant
monosaccharides in MPS. As shown in Figure 2, both polysaccharides were inhomoge-
neous, thus their structures could not be analyzed in detail [16]. The Mws of MPS and
Se-MPS were 1.35 × 106 Da (68.32%) and 7.76 × 105 Da (85.41%), respectively, suggesting
that selenium enrichment reduced the relative density of polysaccharides and results in a
lower Mw [20]. As polar macromolecular polymers, polysaccharides have intermolecular
or intramolecular hydrogen bond interactions between the many hydroxyl groups in the
chains, which can influence their bioactivity. In contrast, polysaccharides with small Mws
can usually exhibit stronger bioactivity because they can freely cross biomembranes to
escape the pressure of the immune system. As a result, Se-MPS with a lower Mw might
have a competitive advantage in certain bioactivities.
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2.2. Chemical Characterization

The UV-vis spectrum (Figure 3A) indicated that both polysaccharides contained trace
amounts of protein (weak absorption peaks at 280 nm), and these findings were also
following preliminary composition analysis.

Se-MPS exhibited a similar FT-IR spectrum to MPS (Figure 3B). The strong absorp-
tion peaks at 3390 and 2929 cm−1 were attributed to O-H and C-H stretching vibrations,
respectively [21]. The absorption peak at 1647 cm−1 and the dense absorption peak around
1419 cm−1 could be attributed to O-C=O antisymmetric and symmetric stretching vibra-
tions, indicating that they may contain uronic acid [22]. A typical absorption peak at
1200–1000 cm−1 indicated the presence of a pyranose ring [23]. Low-intensity absorp-
tion peaks at 927 and 854 cm−1 indicated the presence of α-glycosidic linkages [14]. In
agreement with Wang and Qiu et al. [24,25], these data also demonstrated that artificial
selenium did not change the functional groups in MPS. Additionally, the absorption peak
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at 1025 cm−1 could be explained by the stretching vibration of O-Se-O bond [26], which
preliminarily demonstrated the existence of organoselenium in Se-MPS.
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Raman spectrum can indicate potential information of some functional groups and
glycosidic bond types in MPS and Se-MPS. The peak at 1665 cm−1 (Figure 3C) indicated pro-
tein absorption [27]. Raman bands in the range of 1450–1000 cm−1 indicated the presence
of polysaccharides, while Raman bands in the range 900–1200 cm−1 corresponded to the
coupled C-O/C-C stretching and C-OH bending vibration [28]. A band at 800–830 cm−1

was associated with an anomeric structure surrounding the glycosidic bond of polysac-
charides [29]. The absorption peaks around 989 and 560 cm−1 could be assigned to the
presence of α-1,3-glucan, whereas the absorption peak around 445 cm−1 indicated the
presence of β-1,3-glucan [28]. Interestingly, a stronger absorption peak at nearly 753 cm−1
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in Se-MPS was presented, which reflected the characteristic absorption peak of Se=O bond
and further confirmed the presence of organoselenium-modification [8].

NMR analysis was used to compare the differences in the structural properties of
Se-MPS and MPS. The 1H NMR spectrum is mainly used to reflect the configuration
information of glycosidic bonds. Generally, those with a chemical shift value greater than
4.95 ppm are α-type glycosides, and those with a chemical shift value less than 4.95 ppm
are β-type [8]. The chemical shift of the anomeric carbon occurs at 90–110 ppm in 13C NMR
spectroscopy, which is used to determine the number of sugar residues [8]. The 1H NMR
spectrum of MPS (Figure 4A) exhibited seven signal peaks in the range of 4.5–5.5 ppm, but
the signal peaks at 5.26, 5.08, 4.83, 4.71 (D2O suppression), and 4.50 were the prominent
signal peaks according to the integrated area. Similarly, the 1H NMR spectrum of Se-
MPS (Figure 4B) showed eight signal peaks, and the signal peaks at 5.31, 5.26, 5.13, 4.87,
4.71 (D2O suppression), and 4.55 were prominent. The signal at 5.31 of Se-MPS was
tentatively deduced to be the H-1 of 1,4-α-D-Glcp [30]. The signals at 5.26 of MPS and
Se-MPS were tentatively deduced to be the H-1 of 4-α-GalpA [31]. The signal at 5.13 of
Se-MPS was tentatively deduced to be the H-1 of 1,2-α-Rhap [31]. The signal at 5.08 of
MPS was tentatively deduced to be the H-1 of 1, 4-α-GalpA [32]. The signal at 4.87 of
Se-MPS was tentatively deduced to be the H-1 of 1-α-D-Galp [33]. The signal at 4.83 of MPS
was tentatively deduced to be the H-1 of 1-β-D-Galp [33]. The signals at 4.50 and 4.55 of
MPS and Se-MPS were tentatively deduced to be the H-1 of 1-β-D-Glcp [33]. 1H NMR
spectrum showed that both polysaccharides had α- and β-glycosidic bond configurations.
Furthermore, the selenization modification elevated the chemical shift of Se-MPS and
generated new glycosidic bonds, as shown by comparing the chemical shift values of the
1H NMR spectra. Further 13C NMR spectra also confirmed this result, and a new signal
peak appeared at 98.60 ppm for Se-MPS (Figure 4C,D). Generally, if the 13C-terminal signal
appears in a region greater than 100 ppm, the monosaccharide residue type may be β-D or
α-L. Otherwise, it may be α-D or β-L [8]. According to 13C NMR spectroscopy, MPS might
have four monosaccharide residues, whereas Se-MPS might have five monosaccharide
residues, all of them might be β-D or α-L type. The signal at 99.94 of Se-MPS was tentatively
deduced to be the C-1 of 1,4-α-D-Glcp [30]. The signals at 91.87 of MPS and Se-MPS were
tentatively deduced to be the C-1 of 4-α-GalpA [31]. The signal at 99.61 of Se-MPS was
tentatively deduced to be the C-1 of 1,2-α-Rhap [31]. The signal at 99.71 of MPS was
tentatively deduced to be the C-1 of 1, 4-α-GalpA [32]. The signal at 98.60 of Se-MPS
was tentatively deduced to be the H-1 of 1-α-D-Galp [33]. The signal at 99.50 of MPS was
tentatively deduced to be the H-1 of 1-β-D-Galp [33]. The signals at 95.74 and 95.77 of MPS
and Se-MPS were tentatively deduced to be the C-1 of 1-β-D-Glcp [33]. It was noteworthy
to mention that we attempted to attain 2D NMR of samples but their spectra did not
produce accurate results. Overall, artificial selenization changed the configuration of
monosaccharide residues in MPS.

2.3. Property Analysis

The SEM images of MPS and Se-MPS (Figure 5A) showed that the two samples
exhibited noticeable differences in the apparent morphology. More specifically, MPS was
mainly in smooth and dense flakes with little irregular filaments or rods, while Se-MPS was
largely irregular with filaments, dendrites, and small fragments. Generally, filamentous
and fragmented morphology can increase the specific surface area of polysaccharides
and enhance their bioactivity [34]. Our results indicated that selenization increased the
inhomogeneous surface distribution of MPS and further reduced the interactions and
cross-links between polysaccharides, which might be due to surface changes caused by
intermolecular or van der Waals interactions under the Se interaction [8,35].
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XRD analysis (Figure 5B) showed that MPS and Se-MPS had a single diffraction peak
at 21o with broad and deep intensity. However, the diffraction peak of MPS was broader
and more intense than Se-MPS, which indicated its easier crystallization [8]. This result
was also consistent with SEM analysis.
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TG analysis (Figure 5C) showed that both MPS and Se-MPS had a weight loss in the
temperature range of 25–200 ◦C and 200–800 ◦C. Less weight loss in the temperature range
of 25–200 ◦C could be attributed to the loss of physical adsorption of polysaccharides to
water, and more weight loss at 200–800 ◦C could be due to depolymerization of polysac-
charides and cleavage of C-O/C-C in sugar ring units. The total weight loss of MPS and
Se-MPS was 64.08% and 62.79%, respectively, indicating that the structural stability of
Se-MPS might be higher than that of MPS. It has been reported that other substances bound
to polysaccharides could affect their thermal stability [36], and the binding of Se to MPS
accordingly caused changes in the thermal stability.

2.4. Immunomodulation Analysis

Edible fungi contain various compounds with immunomodulatory properties, and
polysaccharides are among their key active ingredients. These compounds participate
in regulating various aspects of the immune system, including immune organs, cells, cy-
tokines, and receptors, and they also have a positive effect on human immunity [37]. Innate
immune regulation is critical to the host’s ability to respond rapidly against pathogens. As
an essential member of the host immune defense system, macrophages play a crucial role
in the innate immune response, serving as key directors of host inflammation and other im-
mune processes. They can co-operate with different types of cells to resist external adverse
factors as an essential part of innate cellular immunity [38]. Activation of macrophages is
considered a major and essential step in immune system stimulation [39]. As shown in
Figure 6A, Se-MPS treatment did not show cytotoxicity and could enhance the viability
of RAW 264.7 cells in a dose-dependent manner, with the optimum effect at 400 µg/mL.
Additionally, we further explored the regulation of the phagocytosis of RAW 264.7 cells by
the two polysaccharide samples. Our results showed that co-incubation with Se-MPS or
MPS significantly promoted the phagocytosis of RAW 264.7 cells (Figure 6B). Phagocytosis
is an important barrier for host cells to exert their innate immune system, and it is one
of the most important features of macrophage activity [40]. Macrophages improve the
body’s anti-infection ability by phagocytizing invading pathogens and aging and aberrant
cells [41]. In addition to regulating cell viability and phagocytosis, the treatment of Se-
MPS and MPS significantly promoted the release of critical immunomodulatory cytokines
(TNF-α, IL-6, and IL-1β) and greatly facilitated the release of NO secreted (Figure 6C–F).



Molecules 2023, 28, 2885 8 of 17

TNF-α, IL-1β, and IL-6 are cytokines essential for regulating immune responses, an antigen
presentation function, phagocytosis, and innate immunomodulation of macrophages [42].
The positive immunomodulation of macrophages is mainly achieved by their phagocy-
tosis and secretion of some cytokines (IL-1, IL-6, and TNF-α), and the generation of NO
can enhance their phagocytosis [43]. TNF-α is a crucial cytokine of inflammation in host
defense, and it can promote the expression of immune regulatory factors in the body and
then enhance the phagocytosis of pathogenic micro-organisms by macrophages to exert
immunomodulatory activity [44]. In addition, it can promote the expression of IL-1β by
macrophages, thereby enhancing cell activity and amplifying the inflammatory response.
IL-1β/6 plays a vital role in the transition from innate to adaptive immune responses and
can be released by activated macrophages [45]. As an essential regulator of host defense
responses, IL-1β/6 is involved in metabolism in various inflammatory and immune dis-
eases [45,46]. In addition, IL-1β can also promote the secretion of IL-6 and TNF-α [47]. The
higher the concentration of TNF-α and IL-1β/6, the stronger the function of macrophages
and the body’s disease resistance. NO is a non-specific effector gas molecule synthesized
by iNOS, which plays a vital role in regulating the apoptosis of tumor cells and inhibiting
the growth of various pathogenic micro-organisms [48]. When macrophages are stimulated
by pathogens and micro-organisms, they will express iNOS and produce a large amount
of NO [49]. Therefore, NO is the fundamental prerequisite for macrophages to perform
phagocytosis, and its secretion has become one of the evaluation indicators of macrophage
immune activity. Our results revealed that Se-MPS and MPS could remarkably activate
RAW264.7 macrophages to enhance the release of pro-inflammatory cytokines (TNF-α and
IL-1β/6) and the secretion of NO to enhance macrophage cell activity and phagocytosis,
which was consistent with previously reported immunomodulatory effects of other edible
fungal polysaccharides [37].
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Previous studies have demonstrated that polysaccharides can recognize specific pat-
tern recognition receptors (such as TLR4) on the macrophages, modulate the expression
of these receptors, activate immune signaling pathways, and enhance macrophage phago-
cytosis and the release of cytokines such as IL-6, TNF-α, and IL-1β [50]. Therefore, our
study aimed to examine the mechanisms by which Se-MPS and MPS improve macrophage
activity and phagocytosis and regulate related cytokines. Our results showed that both
Se-MPS and MPS treatment significantly increased the mRNA expressions of TLR4, TRAF6,
NF-κB, and iNOS (Figure 7A–D), and the protein expression of TLR4, NF-κB (p65), p-JNK,
p-ERK, p-p38, iNOS, and COX-2 (Figure 7E,F and Figure 8). TLR4, a crucial membrane
receptor expressed on the surface of macrophages, mediates the activation of macrophages
by transforming extracellular signals [51]. An experiment shows that a polysaccharide G1-
4A could activate macrophages through the TLR4 pathway, and macrophage activity may
be reduced after blocking TLR4 action using siRNA and antibodies [52]. After TLR4 is acti-
vated, it binds to a ligand to form a complex between the cytoplasmic region and myeloid
differentiation primary response gene 88 (Myd88), activates tumor necrosis factor receptor-
associated molecule 6 (TRAF6), and finally initiates the expression of mitogen-activated
protein kinase (MAPK) signaling pathway [53]. The MAPK pathway has been reported to
play a key role in TLR4 signaling and the production of pro-inflammatory mediators [43].
The MAPK signaling pathway, mainly composed of JNK1/2, ERK1/2, and p38, mediates
the activation of macrophages and the expression of inflammatory-related genes [54]. The
activated MAPK signaling pathway further mediates and activates the NF-κB pathway to
regulate immune response [55]. The NF-κB protein family can selectively bind to IκB to
regulate the expression of many genes and participate in the response of cells to external
stimulation [56]. The promoters of the immunomodulatory cytokine genes, including
TNF-α, IL-1β, and IL-6, all have corresponding binding sites for NF-κB, and thus they are
regulated by NF-κB activity [57]. In addition to pro-inflammatory cytokines, studies have
shown that NO production is regulated by NF-κB [58]. iNOS and COX-2 are critical in the
regulation of NO and are key mediators in many inflammatory conditions [59]. Our results
show that Se-MPS and MPS could produce pro-inflammatory cytokines via activating
the TLR4-TRAF6-MAPKs-NF-κB cascade signaling pathway, which was similar to the
other report on the immunomodulatory activity of MPS [60]. Furthermore, we found that
Se-MPS had a better regulatory effect than MPS, suggesting that selenized MPS could also
exert immunomodulatory activity via this mechanism, similar to the previously reported
mechanism through which selenized polysaccharides exert immunomodulation [61]. As for
the better regulation effect of Se-MPS, we speculate that Se might be absorbed and utilized
by macrophage cells to participate in and enhance the transduction of immunomodulatory
signals in cells [62]. In addition, the unique chemical composition and structural properties
of Se-MPS contributed to its stronger immunomodulatory activity.
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3. Materials and Methods
3.1. Chemicals and Reagents

The Morchella esculenta (L.) Pers. strain (ACCC50764) was provided from the Agricul-
tural Culture Collection of China (ACCC) (Beijing, China). The murine macrophage-like
cell line RAW 264.7 was gifted from Shanghai Normal University (Shanghai, China). Di-
ethylaminoethyl (DEAE) Sepharose Fast Flow gel was obtained from GE Co. (St. Louis, MO,
USA). The fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) cul-
ture medium were provided by Hyclone Co. (Logan, UT, USA). The endotoxin lipopolysac-
charide (LPS) was provided by Sigma Co. (St Louis, MO, USA). Tumor necrosis factor
(TNF-α), interleukin 6 (IL-6), interleukin-1β (IL-1β), and CCK8 detection kits were pur-
chased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Neutral red
and Griess reagents were provided by MACKLIN Co. (Shanghai, China). Penicillin–
Streptomycin was obtained from Thermo Fisher Scientific (Waltham, MA, USA). Toll-like
receptor 4 (TLR4), phosphorylated protein-38 (p-p38), and phosphorylated c-Jun N-terminal
kinase (p-JNK1/2) polyclonal antibodies were obtained from Santa Cruz Co. (Santa Cruz,
CA, USA). Nuclear factor kappa-B p65 (NF-κB p65) and phosphorylated extracellular
signal-regulated kinase (p-ERK1/2) were provided by CST Co. (Danvers, MA, USA). In-
ducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) monoclonal antibodies
were obtained from Abcam Co. (Boston, MA, USA). All other chemicals and solvents were
of analytical grade.

3.2. Polysaccharides Preparation and Purification

A total of 15 mL of Mercella liquid strand was inoculated into 150 mL potato dextrose
agar (PDA) liquid medium (containing 20 µg/mL sodium selenite) or ordinary PDA
liquid medium with a 170 r/min shake cultivation at 26 ◦C for five days. After that, the
selenium-enriched or ordinary mycelium was filtered, collected, and freeze-dried after
liquid fermentation. Next, 1500 mL of boiling water was added to the ground mycelium
(50 g) and extracted for 2 h. The precipitation after centrifugation at 4000 r/min for 10 min
was repeatedly extracted twice. Firstly, the collected supernatant was combined and
concentrated with a rotary evaporator, then three volumes of 95% ethanol were added and
stood overnight at 4 ◦C. After 10 min of centrifugation (4000× g), the precipitation was
freeze-dried to obtain crude Se-MPS or MPS. A total of 2 g of crude polysaccharide was
dissolved in 0.02 M phosphate-buffered saline (PBS) over 0.45 µm filter membrane, and
then it was eluted by DEAE Sepharose Fast Flow ion exchange column (2.6 cm × 50 cm).
The eluent was 0~2 M NaCl solution (0, 0.5, 1, 1.5, and 2 M NaCl) with a flow rate of
1 mL/min. The anthrone–sulfuric acid method was employed to track the elution process.
The eluent was collected and dialyzed by a dialysis bag (cut-off 10 kDa) for 36 h. The
purified polysaccharide sample was obtained by freeze-drying.

3.3. Microchemical Characterization
3.3.1. Preliminary Composition Analysis

The total sugar content was analyzed by the anthrone–sulfuric acid method [63]. The
uronic acid content was measured by the meta-hydroxyphenyl method [64]. The protein
content was determined by the Bradford method [65]. The selenium content was estimated
by atomic fluorescence spectrometry [66].

3.3.2. Monosaccharide Composition

A modified monosaccharide composition for the purified polysaccharide was carried
out based on the report published by Zhu et al. [8,67]. Briefly, approximately 5 mg of sample
was hydrolyzed with 2 M trifluoroacetic acid for 2 h at 121 ◦C in a sealed tube. Next, the
sample was dried with nitrogen, and methanol was repeatedly added to wash the sample.
For measurement, the dried residue was redissolved in deionized water and filtered through
a microporous filtering film with a mesh size of 0.22 µm. The sample was analyzed by high-
performance anion-exchange chromatography (HPAEC, Thermo Fisher Scientific, Waltham,
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MA, USA) on a CarboPac PA-20 anion-exchange column (150 mm × 3.0 mm, Dionex) using
a pulsed amperometric detector (PAD, Dionex ICS 5000 system) by Sanshu Biotech. Co.,
LTD (Shanghai, China). A similar procedure was followed for measuring monosaccharide
standards, including fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose
(Glc), xylose (Xyl), mannose (Man), fructose (Fru), ribose (Rib), galacturonic acid (GalA),
glucuronic acid (GulA), mannuronic acid (GlcA), and guluronic acid (ManA).

3.3.3. Molecular Weight (Mw) Distribution

A procedure developed by Zhu et al. [6] was used to assess homogeneity and Mw
distribution. In short, high-performance gel permeation chromatography (HPGPC) (Wa-
ters1515, Waters, Milford, MA, USA) equipped with a differential refractive index detector
(Waters2410, Waters, Milford, MA, USA) and the series column (8 × 300 mm) (polymer
matrix water-soluble SEC (GFC) column OHpak SB-803 HQ, Ohpak SB-804 HQ, and Ohpak
SB-805 HQ) was employed to evaluate the weight-average (Mw). The sample concentration
was 5 mg/mL, the flow rate was 0.6 mL/min, the injection volume was 30 µL, and the
column temperature was kept at 40 ◦C. A standard curve was established by calibrating
the column with dextran standards (10–1000 kDa).

3.3.4. Ultraviolet-Visible (UV-vis) and Fourier-Transform Infrared (FT-IR) Analysis

A UV-vis spectrophotometer (Pussy General Instruments, Beijing, China) was used to
scan the polysaccharide sample (80 g/mL) in the range of 200–700 nm.

An infrared spectrometer (PE-1730, Massachusetts, USA) was used to systematically
scan the PBS sample with 100 mg of KBr powder over a wavenumber range of 4000–500 cm−1.

3.3.5. Raman Spectroscopy Analysis

Raman spectra were recorded by using a HORIBA Labram HR800 Raman spectrometer
(Kyoto, Japan) with a scanning range of 1700~300 cm−1. The excitation source was a He–Cd
ion laser with an excitation wavelength of 785 nm, a laser power of 100 mW, 5–10 scans
with a spectral resolution of 5 cm−1, and an exposure time of 10–20 s.

3.3.6. Nuclear Magnetic Resonance (NMR) Spectroscopy Analysis

A total of 20 mg of polysaccharide sample was dissolved in D2O, repeatedly lyophilized
three times, and dissolved in 0.5 mL of D2O. 1H and 13C NMR spectra were obtained by
Avance III HD spectrometer (Bruker, Billerica, MA, USA).

3.3.7. Scanning Electron Microscopy (SEM) Analysis

The polysaccharide sample (2 mg) was attached to a metal block with conductive
adhesive, and gold was sprayed on its surface. Then its apparent morphology (3000×) was
analyzed by a HITACHSU8010 scanning electron microscope (JEOL, Tokyo, Japan).

3.3.8. X-ray Diffraction (XRD) Analysis

X-ray diffractometer D8 ADVANCE (Bruker, Billerica, MA, USA) was used to measure
the sample. As for the X-ray diffraction conditions, 35 kV of tube pressure, 100 mA of tube
current, 5~70◦ angle, and 0.05◦ angle gradient were applied.

3.3.9. Thermogravimetric (TG) Analysis

A simultaneous thermal analyzer (NETZSCH STA 449F3, Selb, Free State of Bavaria,
Germany) was used to determine the thermal stability of polysaccharide samples. Under
nitrogen protection, the sample (10 mg) was heated at 10 ◦C/min and observed between
30 and 800 ◦C.
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3.4. Immunomodulatory Evaluation
3.4.1. Cell Viability

RAW 264.7 cells in the exponential growth phase were seeded in a 96-well plate at a
density of 5 × 105 cells/well and cultured with DMEM medium containing 10% FBS and
penicillin–streptomycin (100 U/mL) for 2 h. Next, a series of concentration gradients of
Se-MPS samples (50, 100, 200, 300, 400, and 500 µg/mL) was added and incubated for 24 h,
and the untreated group was regarded as the Control group. After that, cell viability was
then determined using a CCK8 kit.

3.4.2. Evaluation of Cellular Phagocytosis

RAW 264.7 cells were seeded in a 96-well plate at a density of 5 × 105 cells/mL
and incubated with samples (400 µg/mL MPS, 400 µg/mL Se-MPS, and 1 µg/mL LPS,
respectively) in a humidified environment (37 ◦C, 5% CO2, and 95% humidity). The Control
group was replaced with the corresponding PBS. After incubation for 24 h, the medium was
removed and 100 µL of 1% neutral red solution was added to each well. After incubation
for 30 min, cells were washed with PBS three times, and 200 µL of cell lysate (equal volume
of absolute ethanol and acetic acid mixture) was added. After standing overnight at 4 ◦C,
the absorbance was measured at 540 nm. The phagocytic rate of cells was calculated using
the following formula:

Neutral red phagocytic rate (%) = (ASample/AControl) × 100% (1)

3.4.3. Biochemical Parameters

The levels of TNF-α, IL-6, and IL-1β and NO content in the cell-free supernatant were
measured by using commercially available kits.

3.4.4. Real-Time PCR Assay

The total RNA was extracted from cells and reverse transcribed into cDNA using
Servicebio®RT First Strand cDNA Synthesis Kit instructions (Service, Wuhan, China).
Following the light quantitative PCR kit instructions, mRNA expression was assessed
using SYBR qPCR Master Mix (High ROX, Wuhan, China), which contained the follow-
ing primers:

Primer TLR4 Forward: CTGGGTGAGAAAGCTGGTAA
Primer TLR4 Reverse: AGCCTTCCTGGATGATGTTGG
Primer TRAF6 Forward: CATCTTCAGTTACCGACAGCTCAG
Primer TRAF6 Reverse: TGGTCGAGAATTGTAAGGCGTAT
Primer NF-κB Forward: CCAAAGAAGGACACGACAGAATC
Primer NF-κB Reverse: GGCAGGCTATTGCTCATCACA
Primer iNOS Forward: CAACCAGTATTATGGCTCCT
Primer iNOS Reverse: GTGACAGCCCGGTCTTTCCA
Primer β-actin Forward: TGGAATCCTGTGGCATCCATGAAAC
Primer β-actin Reverse: TAAAACGCAGCTCAGTAACAGTCCG

3.4.5. Western Blot Assay

After separating total proteins from cells, they were electroblotted onto PVDF mem-
branes. Following 1 h of blocking in 5% BSA, the primary antibodies (1:500–1:1000 dilution)
were incubated overnight at 4 ◦C. An image analyzer quantitative system (Stepone plus,
ABI, Waltham, MA, USA) was used to visualize the conjugates after 30 min at room tempera-
ture incubation with a secondary antibody labeled with horseradish peroxidase. AlphaEase
FC software (Alpha Innotech, San Leonardo, CA, USA) was used to perform a quantitative
grayscale analysis of protein expression.
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3.5. Statistical Analysis

The data are presented as means with standard deviations in at least three replicates.
In addition, a one-way ANOVA with the Tukey test for multiple groups was carried out
using GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA). p-values less
than 0.05 were considered significant.

4. Conclusions

In this study, selenization modifications altered the microchemical composition and
structural properties of Morel polysaccharides. In addition, the selenium-enriched Morel
polysaccharide activated the TLR4-TRAF6-MAPKs-NF-κB cascade signaling pathway,
thereby enhancing the activity and phagocytosis of macrophages and secreting pro-inflammatory
cytokines to exert immunomodulatory functions. Our results reveal that selenium-enriched
Morel polysaccharide is a potential natural immune system enhancer and could be used as
food or medicine to enhance the body’s immunity. In addition, our results contribute to
a better understanding of the structural properties and functional activities of selenium-
enriched Morel polysaccharides. However, characterization of its fine structure was not
represented in this work, and further exploration of its structure and more targets related
to its immunomodulation is needed in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28072885/s1, Figure S1: Elution curves of crude MPS
and Se-MPS.
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17. Kaleta, B.; Roszczyk, A.; Zych, M.; Kniotek, M.; Zagożdżon, R.; Klimaszewska, M.; Malinowska, E.; Pac, M.; Turło, J. Selective
biological effects of selenium-enriched polysaccharide (Se-Le-30) isolated from Lentinula edodes mycelium on human immune
cells. Biomolecules 2021, 11, 1777. [CrossRef]

18. Cai, Z.N.; Li, W.; Mehmood, S.; Pan, W.J.; Wang, Y.; Meng, F.J.; Wang, X.F.; Lu, Y.M.; Chen, Y. Structural characterization, in vitro
and in vivo antioxidant activities of a heteropolysaccharide from the fruiting bodies of Morchella esculenta. Carbohydr. Polym. 2018,
195, 29–38. [CrossRef]

19. Kuang, M.T.; Xu, J.Y.; Li, J.Y.; Yang, L.; Hou, B.; Zhao, Q.; Hu, J.M. Purification, structural characterization and immunomodulatory
activities of a polysaccharide from the fruiting body of Morchella sextelata. Int. J. Biol. Macromol. 2022, 213, 394–403. [CrossRef]

20. Yue, L.; Song, X.; Cui, X.; Zhang, Q.; Tian, X.; Yang, X.; Wu, Q.; Liu, Y.; Ruan, R.; Wang, Y. Synthesis, characterization, and
evaluation of microwave-assisted fabricated selenylation Astragalus polysaccharides. Int. J. Biol. Macromol. 2022, 221, 8–15.
[CrossRef]

21. Chen, Z.; Zhao, Y.; Zhang, M.; Yang, X.; Yue, P.; Tang, D.; Wei, X. Structural characterization and antioxidant activity of a new
polysaccharide from Bletilla striata fibrous roots. Carbohydr. Polym. 2020, 227, 115362. [CrossRef]

22. Wiercigroch, E.; Szafraniec, E.; Czamara, K.; Pacia, M.Z.; Majzner, K.; Kochan, K.; Kaczor, A.; Baranska, M.; Malek, K. Raman and
infrared spectroscopy of carbohydrates: A review. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2017, 185, 317–335. [CrossRef]

23. Chen, G.; Kan, J. Characterization of a novel polysaccharide isolated from Rosa roxburghii Tratt fruit and assessment of its
antioxidant in vitro and in vivo. Int. J. Biol. Macromol. 2018, 107 Pt A, 166–174. [CrossRef]

24. Wang, L.; Li, L.; Gao, J.; Huang, J.; Yang, Y.; Xu, Y.; Liu, S.; Yu, W. Characterization, antioxidant and immunomodulatory effects of
selenized polysaccharides from dandelion roots. Carbohydr. Polym. 2021, 260, 117796. [CrossRef]

25. 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. Carbohyd. Polym. 2016, 142, 73–81. [CrossRef]

26. 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]

27. Cheung, Y.-C.; Siu, K.-C.; Liu, Y.-S.; Wu, J.-Y. Molecular properties and antioxidant activities of polysaccharide–protein complexes
from selected mushrooms by ultrasound-assisted extraction. Process Biochem. 2012, 47, 892–895. [CrossRef]

28. Salvador, C.; Martins, M.R.; Caldeira, A.T. Microanalysis characterization of bioactive protein-bound polysaccharides produced
by Amanita ponderosa cultures. Microsc. Microanal. 2015, 21, 84–90. [CrossRef]

29. Ren, J.; Hou, C.; Shi, C.; Lin, Z.; Liao, W.; Yuan, E. A polysaccharide isolated and purified from Platycladus orientalis (L.)
Franco leaves, characterization, bioactivity and its regulation on macrophage polarization. Carbohyd. Polym. 2019, 213, 276–285.
[CrossRef]

30. Liu, W.; Liu, Y.; Zhu, R.; Yu, J.; Lu, W.; Pan, C.; Yao, W.; Gao, X. Structure characterization, chemical and enzymatic degradation,
and chain conformation of an acidic polysaccharide from Lycium barbarum L. Carbohyd. Polym. 2016, 147, 114–124. [CrossRef]

31. Li, S.; Li, M.; Yue, H.; Zhou, L.; Huang, L.; Du, Z.; Ding, K. Structural elucidation of a pectic polysaccharide from Fructus Mori
and its bioactivity on intestinal bacteria strains. Carbohyd. Polym. 2018, 186, 168–175. [CrossRef]

32. Zhang, A.; Deng, J.; Yu, S.; Zhang, F.; Linhardt, R.J.; Sun, P. Purification and structural elucidation of a water-soluble polysaccharide
from the fruiting bodies of the Grifola frondosa. Int. J. Biol. Macromol. 2018, 115, 221–226. [CrossRef]

33. Malfait, T.; Van Dael, H.; Van Cauwelaert, F. Molecular structure of carrageenans and kappa oligomers: A Raman spectroscopic
study. Int. J. Biol. Macromol. 1989, 11, 259–264. [CrossRef]

http://doi.org/10.1016/j.ijbiomac.2019.11.022
http://doi.org/10.1007/s00217-020-03505-z
http://doi.org/10.1080/07315724.2001.10719007
http://doi.org/10.1007/s10059-011-0022-x
http://doi.org/10.1142/S0192415X10007750
http://doi.org/10.1186/2008-2231-21-5
http://doi.org/10.1016/j.carbpol.2018.06.057
http://doi.org/10.1007/s12011-021-03035-z
http://doi.org/10.3389/fphar.2022.912382
http://doi.org/10.3390/biom11121777
http://doi.org/10.1016/j.carbpol.2018.04.069
http://doi.org/10.1016/j.ijbiomac.2022.05.096
http://doi.org/10.1016/j.ijbiomac.2022.09.011
http://doi.org/10.1016/j.carbpol.2019.115362
http://doi.org/10.1016/j.saa.2017.05.045
http://doi.org/10.1016/j.ijbiomac.2017.08.160
http://doi.org/10.1016/j.carbpol.2021.117796
http://doi.org/10.1016/j.carbpol.2016.01.032
http://doi.org/10.1016/j.carbpol.2013.12.032
http://doi.org/10.1016/j.procbio.2012.02.004
http://doi.org/10.1017/S1431927614013099
http://doi.org/10.1016/j.carbpol.2019.03.003
http://doi.org/10.1016/j.carbpol.2016.03.087
http://doi.org/10.1016/j.carbpol.2018.01.026
http://doi.org/10.1016/j.ijbiomac.2018.04.061
http://doi.org/10.1016/0141-8130(89)90017-2


Molecules 2023, 28, 2885 16 of 17

34. Huang, H.; Chen, J.; Chen, Y.; Xie, J.; Liu, S.; Sun, N.; Hu, X.; Yu, Q. Modification of tea residue dietary fiber by high-temperature
cooking assisted enzymatic method: Structural, physicochemical and functional properties. LWT 2021, 145, 111314. [CrossRef]

35. Lee, J.H.; Lee, Y.K.; Chang, Y.H. Effects of selenylation modification on structural and antioxidant properties of pectic polysaccha-
rides extracted from Ulmus pumila L. Int. J. Biol. Macromol. 2017, 104 Pt A, 1124–1132. [CrossRef]

36. Yang, X.; Huang, M.; Qin, C.; Lv, B.; Mao, Q.; Liu, Z. Structural characterization and evaluation of the antioxidant activities of
polysaccharides extracted from Qingzhuan brick tea. Int. J. Biol. Macromol. 2017, 101, 768–775. [CrossRef]

37. Liu, X.; Hasan, K.M.F.; Wei, S. Immunological regulation, effects, extraction mechanisms, healthy utilization, and bioactivity of
edible fungi: A comprehensive review. J. Food Process Eng. 2022, 45, 13970. [CrossRef]

38. Yin, M.; Zhang, Y.; Li, H. Advances in research on immunoregulation of Macrophages by plant polysaccharides. Front. Immunol.
2019, 10, 145. [CrossRef]

39. Sun, S.; Li, K.; Xiao, L.; Lei, Z.; Zhang, Z. Characterization of polysaccharide from Helicteres angustifolia L. and its immunomodula-
tory activities on macrophages RAW264.7. Biomed. Pharmacother. 2019, 109, 262–270. [CrossRef]

40. Wu, M.J.; Cheng, T.L.; Cheng, S.Y.; Lian, T.W.; Wang, L.; Chiou, S.Y. Immunomodulatory properties of Grifola frondosa in
submerged culture. J. Agric. Food Chem. 2006, 54, 2906–2914. [CrossRef]

41. Chauhan, A.K.; Jakhar, R.; Paul, S.; Kang, S.C. Potentiation of macrophage activity by thymol through augmenting phagocytosis.
Int. Immunopharmacol. 2014, 18, 340–346. [CrossRef]

42. Yu, Y.; Shen, M.; Wang, Z.; Wang, Y.; Xie, M.; Xie, J. Sulfated polysaccharide from Cyclocarya paliurus enhances the immunomodu-
latory activity of macrophages. Carbohydr. Polym. 2017, 174, 669–676. [CrossRef]

43. Chen, Q.; Qi, C.; Peng, G.; Liu, Y.; Zhang, X.; Meng, Z. Immune-enhancing effects of a polysaccharide PRG1-1 from Russula
griseocarnosa on RAW264.7 macrophage cells via the MAPK and NF-κB signalling pathways. Food Agric. Immunol. 2018, 29,
833–844. [CrossRef]

44. Kitaura, H.; Kimura, K.; Ishida, M.; Kohara, H.; Yoshimatsu, M.; Takano-Yamamoto, T. Immunological reaction in TNF-α-mediated
osteoclast formation and bone resorption in vitro and in vivo. Clin. Dev. Immunol. 2013, 2013, 181849. [CrossRef]

45. Wu, F.; Zhou, C.; Zhou, D.; Ou, S.; Liu, Z.; Huang, H. Immune-enhancing activities of chondroitin sulfate in murine macrophage
RAW 264.7 cells. Carbohydr. Polym. 2018, 198, 611–619. [CrossRef]

46. Wang, Z.J.; Xie, J.H.; Kan, L.J.; Wang, J.Q.; Shen, M.Y.; Li, W.J.; Nie, S.P.; Xie, M.Y. Sulfated polysaccharides from Cyclocarya
paliurus reduce H2O2-induced oxidative stress in RAW264.7 cells. Int. J. Biol. Macromol. 2015, 80, 410–417. [CrossRef]

47. Lu, M.; Yang, W.; Peng, Z.; Zhang, J.; Mei, W.; Liu, C.; Tang, J.; Ma, H.; Yuan, X.; Meng, J.; et al. Fluorofenidone inhibits
macrophage IL-1β production by suppressing inflammasome activity. Int. Immunopharmacol. 2015, 27, 148–153. [CrossRef]

48. Ren, Z.; Qin, T.; Qiu, F.; Song, Y.; Lin, D.; Ma, Y.; Li, J.; Huang, Y. Immunomodulatory effects of hydroxyethylated Hericium
erinaceus polysaccharide on macrophages RAW264.7. Int. J. Biol. Macromol. 2017, 105 Pt 1, 879–885. [CrossRef]

49. Suzuki, C.; Aoki-Yoshida, A.; Kimoto-Nira, H.; Kobayashi, M.; Sasaki, K.; Mizumachi, K. Effects of strains of Lactococcus lactis on
the production of nitric oxide and cytokines in murine macrophages. Inflammation 2014, 37, 1728–1737. [CrossRef]

50. Liu, L.; Li, H.; Xu, R.-H.; Li, P.-L. Expolysaccharides from Bifidobacterium animalis RH activates RAW 264.7 macrophages through
toll-like receptor 4. Food Agric. Immunol. 2016, 28, 149–161. [CrossRef]

51. Jia, X.; Liang, Y.; Zhang, C.; Wang, K.; Tu, Y.; Chen, M.; Li, P.; Wan, J.B.; He, C. Polysaccharide PRM3 from Rhynchosia minima root
enhances immune function through TLR4-NF-κB pathway. Biochim. Biophys. Acta Gen. Subj. 2018, 1862, 1751–1759. [CrossRef]

52. Gupta, P.K.; Rajan, M.G.R.; Kulkarni, S. Activation of murine macrophages by G1-4A, a polysaccharide from Tinospora cordifolia,
in TLR4/MyD88 dependent manner. Int. Immunopharmacol. 2017, 50, 168–177. [CrossRef]

53. Chen, H.; Zhang, L.; Long, X.; Li, P.; Chen, S.; Kuang, W.; Guo, J. Sargassum fusiforme polysaccharides inhibit VEGF-A-related
angiogenesis and proliferation of lung cancer in vitro and in vivo. Biomed. Pharmacother. 2017, 85, 22–27. [CrossRef]

54. Shen, T.; Wang, G.; You, L.; Zhang, L.; Ren, H.; Hu, W.; Qiang, Q.; Wang, X.; Ji, L.; Gu, Z.; et al. Polysaccharide from wheat bran
induces cytokine expression via the toll-like receptor 4-mediated p38 MAPK signaling pathway and prevents cyclophosphamide-
induced immunosuppression in mice. Food Nutr. Res. 2017, 61, 1344523. [CrossRef]

55. Dong, N.; Li, X.; Xue, C.; Zhang, L.; Wang, C.; Xu, X.; Shan, A. Astragalus polysaccharides alleviates LPS-induced inflammation
via the NF-κB/MAPK signaling pathway. J. Cell. Physiol. 2020, 235, 5525–5540. [CrossRef]

56. Qin, G.; Xu, W.; Liu, J.; Zhao, L.; Chen, G. Purification, characterization and hypoglycemic activity of glycoproteins obtained from
pea (Pisum sativum L.). Food Sci. Hum. Well. 2021, 10, 297–307. [CrossRef]

57. Rascón-Cruz, Q.; Espinoza-Sánchez, E.A.; Siqueiros-Cendón, T.S.; Nakamura-Bencomo, S.I.; Arévalo-Gallegos, S.; Iglesias-
Figueroa, B.F. Lactoferrin: A glycoprotein involved in immunomodulation, anticancer, and antimicrobial processes. Molecules
2021, 26, 205. [CrossRef]

58. Ryu, J.H.; Park, H.J.; Jeong, Y.Y.; Han, S.; Shin, J.H.; Lee, S.J.; Kang, M.J.; Sung, N.J.; Kang, D. Aged red garlic extract suppresses
nitric oxide production in lipopolysaccharide-treated RAW 264.7 macrophages through inhibition of NF-κB. J. Med. Food 2015, 18,
439–445. [CrossRef]

59. Lee, S.B.; Lee, W.S.; Shin, J.S.; Jang, D.S.; Lee, K.T. Xanthotoxin suppresses LPS-induced expression of iNOS, COX-2, TNF-α, and
IL-6 via AP-1, NF-κB, and JAK-STAT inactivation in RAW 264.7 macrophages. Int. Immunopharmacol. 2017, 49, 21–29. [CrossRef]

60. Wen, Y.; Peng, D.; Li, C.; Hu, X.; Bi, S.; Song, L.; Peng, B.; Zhu, J.; Chen, Y.; Yu, R. A new polysaccharide isolated from Morchella
importuna fruiting bodies and its immunoregulatory mechanism. Int. J. Biol. Macromol. 2019, 137, 8–19. [CrossRef]

http://doi.org/10.1016/j.lwt.2021.111314
http://doi.org/10.1016/j.ijbiomac.2017.06.121
http://doi.org/10.1016/j.ijbiomac.2017.03.189
http://doi.org/10.1111/jfpe.13970
http://doi.org/10.3389/fimmu.2019.00145
http://doi.org/10.1016/j.biopha.2018.10.039
http://doi.org/10.1021/jf052893q
http://doi.org/10.1016/j.intimp.2013.11.025
http://doi.org/10.1016/j.carbpol.2017.07.009
http://doi.org/10.1080/09540105.2018.1461198
http://doi.org/10.1155/2013/181849
http://doi.org/10.1016/j.carbpol.2018.06.071
http://doi.org/10.1016/j.ijbiomac.2015.06.031
http://doi.org/10.1016/j.intimp.2015.05.008
http://doi.org/10.1016/j.ijbiomac.2017.07.104
http://doi.org/10.1007/s10753-014-9901-6
http://doi.org/10.1080/09540105.2016.1230599
http://doi.org/10.1016/j.bbagen.2018.05.012
http://doi.org/10.1016/j.intimp.2017.06.025
http://doi.org/10.1016/j.biopha.2016.11.131
http://doi.org/10.1080/16546628.2017.1344523
http://doi.org/10.1002/jcp.29452
http://doi.org/10.1016/j.fshw.2021.02.021
http://doi.org/10.3390/molecules26010205
http://doi.org/10.1089/jmf.2014.3214
http://doi.org/10.1016/j.intimp.2017.05.021
http://doi.org/10.1016/j.ijbiomac.2019.06.171


Molecules 2023, 28, 2885 17 of 17

61. Li, R.; Qin, X.; Liu, S.; Zhang, X.; Zeng, X.; Guo, H.; Wang, T.; Zhang, Y.; Zhang, J.; Zhang, J.; et al. [HNMP]HSO(4) catalyzed
synthesis of selenized polysaccharide and its immunomodulatory effect on RAW264.7 cells via MAPKs pathway. Int. J. Biol.
Macromol. 2020, 160, 1066–1077. [CrossRef]

62. Zhu, J.; Chen, X.; Li, F.; Wei, K.; Chen, J.; Wei, X.; Wang, Y. Preparation, physicochemical and hypoglycemic properties of natural
selenium-enriched coarse tea glycoproteins. Plant Foods Hum. Nutr. 2022, 77, 258–264. [CrossRef]

63. Grandy, A.S.; Erich, M.S.; Porter, G.A. Suitability of the anthrone–sulfuric acid reagent for determining water soluble carbohy-
drates in soil water extracts. Soil. Biol. Biochem. 2000, 32, 725–727. [CrossRef]

64. Blumenkrantz, N.; Asboe-Hansen, G. New method for quantitative determination of uronic acids. Anal. Biochem. 1973, 54,
484–489. [CrossRef]

65. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

66. Ventura, M.G.; Stibilj, V.; do Carmo Freitas, M.; Pacheco, A.M.G. Determination of ultratrace levels of selenium in fruit and
vegetable samples grown and consumed in Portugal. Food Chem. 2009, 115, 200–206. [CrossRef]

67. Zhu, J.; Zhou, H.; Zhang, J.; Li, F.; Wei, K.; Wei, X.; Wang, Y. Valorization of polysaccharides obtained from dark tea: Preparation,
physicochemical, antioxidant, and hypoglycemic properties. Foods 2021, 10, 2276. [CrossRef]

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

http://doi.org/10.1016/j.ijbiomac.2020.05.261
http://doi.org/10.1007/s11130-022-00975-2
http://doi.org/10.1016/S0038-0717(99)00203-5
http://doi.org/10.1016/0003-2697(73)90377-1
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1016/j.foodchem.2008.10.089
http://doi.org/10.3390/foods10102276

	Introduction 
	Results and Discussion 
	Preliminary Composition Analysis 
	Chemical Characterization 
	Property Analysis 
	Immunomodulation Analysis 

	Materials and Methods 
	Chemicals and Reagents 
	Polysaccharides Preparation and Purification 
	Microchemical Characterization 
	Preliminary Composition Analysis 
	Monosaccharide Composition 
	Molecular Weight (Mw) Distribution 
	Ultraviolet-Visible (UV-vis) and Fourier-Transform Infrared (FT-IR) Analysis 
	Raman Spectroscopy Analysis 
	Nuclear Magnetic Resonance (NMR) Spectroscopy Analysis 
	Scanning Electron Microscopy (SEM) Analysis 
	X-ray Diffraction (XRD) Analysis 
	Thermogravimetric (TG) Analysis 

	Immunomodulatory Evaluation 
	Cell Viability 
	Evaluation of Cellular Phagocytosis 
	Biochemical Parameters 
	Real-Time PCR Assay 
	Western Blot Assay 

	Statistical Analysis 

	Conclusions 
	References

