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Abstract: Selenium (Se) is an essential trace element for human beings and Se supplementation is of
great significance. In this paper, high selenized Gastrodia elata Blume Polysaccharides (SeGEP) were
obtained through pre-sulfation before conducting the selenylation modification process, which
owned a maximum Se content reach to 2.29%. UV, FT-IR, NMR, SEM, EDX, HPLC, size-exclusion
chromatography and periodate oxidation analysis showed that the seleninic group had been suc-
cessfully introduced into GEP with the substitution position at C-6 of glucose. Immunostimulating
assays were conducted in vitro and in vivo on RAW 264.7 cells and cyclophosphamide (CTX)-in-
duced mice model, respectively. The results showed that Se-GEP enhanced RAW264.7 cells prolif-
eration, cell phagocytosis, and secretion of nitric oxide (NO) and interleukin (IL)-1f3 factors. In ad-
dition, Se-GEP enhanced the immunologic activity of CTX-treated mice by increasing the spleen and
thymus indices, enhancing the phagocytic function, and activating both Th1 and Th2 lymphocytes.
The current outcome also suggested that Se-GEP with covalently bonding Se group possessing in-
creased safety and has a potential dietary selenium nutrient for improving human immunity.

Keywords: Gastrodia elata Blume; High selenized polysaccharide; Modification; Immunomodula-
tory activity

1. Introduction

Selenium (Se) is an essential trace element for human beings and for many other lives[1]. The
inherent limitation of Se is its low content in the natural world and particularly in organism. So, se-
containing materials have found a widespread applications, ranging from pharmacology to material
sciences[2]. In the last decades, selenylation of polysaccharides has been extensively adopted to de-
velop novel sources of Se supplements and to improve the activity of polysaccharide[3]. Growing
evidence have exhibited that selenized polysaccharides possess novel and/or increased activities such
as antioxidant[3], antitumor[4], antidiabetic[5], and immunomodulatory activities[6]. Se content in
the selenized polysaccharide were found had a major influence on the biological activity of selenized
polysaccharide[7]. As reported by Liu and coworkers, the anti-tumor effect of selenized Artemisia
sphaerocephala polysaccharides is positively correlated with Se content (4344-13030 pg-g)[7]. Lee et
al. obtained similar results when comparing the antioxidant activity of selenized Ulmus pumila L.
polysaccharides with different Se contents[8]. In summary, selenylation of polysaccharide could im-
prove its biological activities, of which Se content might be one of the key factors[9,10].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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As a traditional selenylation pattern, the nitric acid-sodium selenite (HNOs3-Na25eOs, NA-SS)
method is extensively adopted to prepare a selenium-modified polysaccharide[11]. Although some
other selenylation techniques, like glacial acetic acid-selenous acid (GA-SA), glacial acetic acid-so-
dium selenite (GA-SS) and selenium oxychloride (SOC) methods were reported capable of selenyliz-
ing polysaccharides, the NA-SS selenylation reaction was the most common method adopted[12].
However, low Se contents of selenized polysaccharides were usually obtained by direct conducting
the NA-SS method[9]. Li ef al reported the Se content of selenized Grifola frondosa polysaccharide was
only 445.39 pg/g by direct using NA-SS method[13]. Similarly, selenized Artemisia sphaerocephala pol-
ysaccharide with the highest Se content of 1703 ug/g was acquired under optimal reaction conditions
with NA-SS method by Wang et al [14]. So, it is in urgent need of developing new polysaccharide
selenylation system to improve this traditional less effective NA-SS method. The cell walls of marine
algae, like carrageenan in red algae, fucoidan in brown algae and ulvan in green algae, are rich in
sulfated polysaccharides[15]. Selenylation modification of these sulfated polysaccharides have been
increasingly studied given their high Se contents and potential usefulness in selenium supple-
ment[16-18]. So the synthesis of selenized polysaccharide without sulphur group, pre-sulfated mod-
ification process might do help to increase the Se content.

Gastrodia elata (G. elata) Blume, belonging to the Orchidaceae family, is mainly distributed in the
mountainous areas of eastern Asia, such as China, Korea and India[19]. The rhizome of G. elata is
commonly called “Tian ma” in traditional Chinese medicine and has been labeled as a healthy
food[20]. Its main active ingredients were gastrodin, gastrodin aglycone (4-hydroxybenzyl alcohol)
and G. elata polysaccharides (GEP) [21]. The polysaccharides components are more than 10% dry
weight and possess a variety of biological activities[22]. In 2007, Ding and coworkers firstly isolated
two polysaccharides from G. elata, and sulfated derivatives were prepared using the chlorosulfonic
acid-pyridine method[23]. The anti-dengue virus ability of these sulfated polysaccharides was in-
creased as the degree of sulfation increases[23]. This study describes the preparation and structural
characterization of selenized G. elata polysaccharide, and its immunological activity was also evalu-
ated in vitro and in vivo.

2. Results and Discussion
2.1. Physicochemical analysis

2.1.1. Chemical analysis and molecular weight determination

In this work, efficient selenylation of GEP was accomplished by selenylation modification of pre-
sulfated GEP polysaccharide (5-GEP). Table 1 summarized the composition of GEP, S-GEP and Se-
GEP including total sugar, reducing sugar, protein, uronic acids, molecular weight, etc. The content
of total sugar in GEP was 93.18%. The sulfur content and DS of S-GEP was 7.16% and 0.47, respec-
tively. Under an optimal condition, a maximum Se content of 22,900 pg/g in Se-GEP. As compared
with direct selenylation of GEP (D-GEP, 2805 ug/g) by the NA-SS method, pre-sulfation modifica-
tion’s selenylation efficiency was greatly improved with an approximately 8-fold higher Se content.

Table 1. The chemical analysis of GEP and its modified products.

Sample Total Protein (%) Reducing Uronic acid Se content
sugar (%) sugar (%) (%) (ug/g)

GEP 93.18+0.84  1.1+0.03 0.5+0.24 4.7+0.3 -

D-GEP 84.28+1.03  1.2+0.06 2.4+0.55 6.6+0.1 2805+183.6

S-GEP 87.74+1.58  1.3+0.08 2.8+0.18 4.8+0.9 -

Se-GEP 88.83+1.52  1.1+0.04 2.6+0.59 5.1+1.1 22900+2056

The average molecular weight of GEP and Se-GEP were estimated to be 524.4 kDa and 488.9 kDa
by HPGPC method after the calibration with a series of standard Dextrans as referred to in section
3.5.2. as described below (Figure 1a, b).
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Figure 1. The average Mw of GEP and Se-GEP (a, b) Particle size distribution of GEP and Se-GEP (c).
Zeta potential values of GEP and Se-GEP (d).

2.1.2. Size Distribution and Zeta potential

The size distribution is an important physical parameter for nanoparticles, as a larger particle of
system results in a faster sedimentation rate and poor stability[24]. As shown in the particle size dis-
tribution in Figure 1c, the average particle sizes of GEP and Se-GEP were 819.8 + 124.6 nm and 395.4
+ 18.8 nm, respectively. These particle size results had a good fitting with the results of SEM (Figure
3a and 3b), indicated that selenized modification could decrease the volume of particles and improve
physical stability.

The Zeta potential values were presented in Figure 1d and confirmed that both GEP and Se-GEP
exhibited electronegativity. The zeta potential of GEP and Se-GEP were -24.57 + 2.58 mV and -28.17

+ 1.59 mV, respectively. The absolute ZP value of Se-GEP was larger than that of GEP could be at-
tributed to the introduction of electronegative selenite ions.

2.2. Structural investigation

2.2.1. UV and FT-IR spectroscopy analysis

The UV spectra of GEP and Se-GEP at a concentration of 0.1 mg/mL were recorded. As depicted
in Figure 2a, GEP exhibited typical polysaccharide characteristics with no UV absorption among 200-
400 nm, but by virtue of selenite group, the Se-GEP had a weak absorption at about 270 nm. The IR
spectra of GEP and Se-GEP gave several characteristic absorption peaks for a polysaccharide (Figure


https://doi.org/10.20944/preprints202306.1561.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2023 doi:10.20944/preprints202306.1561.v1

2b). There were two major bands, one absorption appeared in 3000-3600 cm! region attributed to O-
H stretching vibration[25], another absorption appeared in 1000-1400 cm! region assigned to the C-
O-C stretching vibration[26]. The absorptions at 1008.7, 1081.3 and 1155.0 cm indicated the absence
of the pyranose ring of sugar residues[4]. As compared with GEP, the absorption peak at 667.9 cm"!
described the Se-O-C symmetrical stretching vibration, 759.2 cm! was attributed to the typical
stretching vibration of Se=O group, and 1024.7 cm! was the absorption of the O-Se-O bond of sele-
nium ester[24]. These results indicated that Se-GEP was successfully prepared.
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Figure 2. UV spectra of GEP and Se-GEP recorded among 200-400 nm (a). FT-IR spectra of GEP and
Se-GEP measured in the frequency range of 4000~400 cm(b). Chromatograms of monosaccharide
composition analysis (c).

Monosaccharide composition analysis of GEP was conducted by HPLC after complete acid hy-
drolysis and derivatization with 1-phenyl-3-methyl-5-pyrazolone (PMP)[27]. The results were shown
in Figure 2c: GEP mainly consisted of glucose.

2.2.2. Morphology and elemental composition analysis

SEM was often used to analyze the surface microstructure of biomaterials. In this paper, the
morphological changes between GEP and Se-GEP were analyzed before and after selenylation. As
shown in Figure 3a and 3b, Se-GEP had a different microstructure from GEP, in which GEP had iso-
lated solid blocks with more regular shapes, in contrast, Se-GEP had smaller blocks and dispersed
loose surface. The morphological changes suggested that selenylation process might change the ini-
tial intact dense structure and led to the formation of heterogeneous-sized blocks.
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Figure 3. Morphological characterization of GEP and Se-GEP. Scanning electron images of GEP (a)
and Se-GEP (b). surface elemental compositions of GEP (c) and Se-GEP (d).

The surface elemental compositions of GEP and Se-GEP were analyzed using EDX and the re-
sults were displayed in Figure 3c and 3d. GEP and Se-GEP primarily consisted of C and O elements,
while in Se-GEP, characteristic absorption peaks of Se and S were occurred in the EDX spectra. The
presence of sulfur element signal in Se-GEP might due to our pre-sulfation reaction before selenyla-
tion progression.

2.2.3. NMR analysis

As shown in Figure 4a, the 'H NMR spectrum characteristic signals of Se-GEP were mainly from
on 3.28 to 5.27 ppm, and the characteristic signals of *C NMR spectrum were mainly in the range of
0 59.99 ppm to 103.59 ppm (Figure 4b), which are typical signals in polysaccharides [20]. The 'H NMR
spectrum (Figure 4a) showed anomeric region signals at ou 5.28, du 5.27, du 5.09, 01 5.04, d1 4.84 and
OH 4.50 suggesting that Se-GEP contains both a-type and (-type configuration of sugars, but was
mainly present in the a-configuration. The existence of H20 in the sample or HDO from the solvent
gave a larger signal at ou 4.68.
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Figure 4. The NMR spectra of Se-GEP that were measured in 5-mm NMR tube with 0.5 mL of 99.9%
D20. '"H NMR (a); ®C NMR (b).

2.2.4. I-KI and Congo red test

As shown in Figure 5a, the maximum absorption peak of GEP and Se-GEP were centered at
about 350 nm with no peak were observed around 565 nm, which demonstrated that GEP and Se-
GEP were of high molecular weight and many branched chains attaching to the backbone[28]. Be-
sides, the negative reaction of GEP and Se-GEP with iodine reagent demonstrated that there were no
starches present in the structure. Congo red could form complexes with polysaccharides which pos-
sessing a triple helical conformation, and as a result, leads to a bathochromic shift of the maximum
absorption wavelength. As shown in Figure 5b, there were notable shifts in Amax for GEP and Se-GEP
with the increasing NaOH concentration from 0-0.1 M and 0-0.2 M, respectively. However, descend-
ing behavior of the Amax was happened at high concentrations of NaOH (0.2-0.5 M), which is possibly
due to the breakdown of hydrogen bonding or hydrophobic interactions between Se-GEP and Congo
red[29]. These findings suggested that GEP and Se-GEP existed as both triple-helical and random
coils structure.
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Figure 5. The I>-KI test of GEP and Se-GEP (a). The maximum absorption wavelength of Congo red
test at various concentrations of NaOH (b). The periodate consumption (CP) and formic acid (FA)
formation of GEP and Se-GEP during periodate oxidation (c).

2.2.5. Periodate oxidation test

Periodate oxidation has been widely used for elucidation of structures in carbohydrates as its
specificity for vicinal diols[30]. As shown in Figure 5c, periodate oxidation of GEP and Se-GEP pro-
duced 0.0229 mmol and 0.0239 mmol formic acid (FA), respectively, which indicated the presence of
1—6 linkage or 1—linkage terminal saccharide residues. In the meantime, 0.246 mmol and 0.258
mmol of periodate was consumed respectively for GEP and Se-GEP. The consumption of periodate
was more than two times of FA production indicated there might be present of 1—~4 or 1—4,6 linkage
in polysaccharide structure. The existence of 1—3 linkage in GEP and Se-GEP were also indicated as
the fact that less than one mol periodate consumption for per mol of sugar residue.

2.3. In vitro effects of Se-GEP on RAW 264.7 macrophages

2.3.1. Immunomodulatory effects of Se-GEP on cell viability and phagocytosis

Macrophages are one of the most important immune cells and their activation has been consid-
ered to be a necessary step for immune system stimulation. The cell viability of RAW 264.7 cells were
examined by CCK-8 assay with LPS (500 ng/mL) as a positive control and PBS as a negative control.
As shown in Figure 6, the cell viability of RAW 264.7 cells were increased when exposed to GEP and
Se-GEP samples at 10-80 pg/mL for 12 h. The cells obtained growth promotion dose-dependently for
GEP and the cell viability reached a maximum of 122.1%+3.5% at 80 ug/mL (Figure 6a). However, the
cell viability reached a maximum of 147.8%+10.4% for Se-GEP at 20 ug/mL for 12 h, which almost
equally to that of the LPS group (150.1% +9.5%). Meanwhile, the Se-GEP had higher growth promo-
tion than GEP on the cells, especially with the dosages of 10 and 20 pg/mL, which confirmed that
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chemical selenylation endowed GEP with enhanced bioactivity. However, when incubation for 24 h,
the high dose Se-GEP (especially for 80 ug/mL) group exhibited reduced cell viability, which might
be related to selenium toxicity (Figure 6b). When Na2SeOs alone was used at 1-4 ug/mL to treat the
cells for 12-24 h, it mostly exerted cytotoxicity on the RAW 264.7 cells (Figure 6c¢). The treatment time
for 12 h, the high-dose Na25eOs group (4 pg/mL) led to reduced cell viability to 75.1%. When the
treatment time up to 24 h, the higher dose Na25eOs groups (3 and 4 pg/mL) even resulted in great
cell death. These results meant that inorganic Se (i.e, the Na25eOs form) is very toxic when exposed

overdose.
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Figure 6. The viability of RAW 264.7 cells exposed to GEP, Se-GEP (a, b) or Na2SeO:s (c) for 12 h or 24
h. The data are presented as the mean + SD. * P < 0.05, ** P < 0.01, ** P < 0.001, and *** P < 0.0001
compared with the negative control group. # P <0.05, # P <0.01, ## P <0.001, and ## P <0.0001 com-
pared between the GEP and Se-GEP group.

To compare the immune-regulatory potentials of GEP and Se-GEP further, the dose levels of 40,
80, 160 and 320 pug/mL for GEP and 5, 10, 15 and 20 pg/mL for Se-GEP, were selected in following cell
experiments. When the RAW 264.7 cells were stimulated by GEP and Se-GEP at different dose levels
for 24 h, their phagocytosis activity was enhanced in a dose-dependent manner (Figure 7a). Com-
pared with GEP, the Se-GEP exhibited a strong potential to enhance macrophage phagocytosis at low
concentration (from 107.4% to 120.5%). Meanwhile, GEP alone could enhance macrophage phagocy-
tosis at higher dose levels of 160 and 320 pug/mL with phagocytosis values of 109.0% and 112.9%,
respectively (Figure 7a). All of these results demonstrated that chemical selenylation of GEP could
promote RAW 264.7 cell phagocytosis.

2.3.2. Immunomodulatory effects of Se-GEP on the secretion of NO and TNF-a

TNF-a and NO are generally considered important mediators in the immune system. The secre-
tion of TNF-a and NO from RAW 264.7 cells was determined. As shown in Figure 7b, GEP induced
a dose-dependent increase in the secretion of NO and TNF-a in comparison with the blank PBS con-
trol. Similar results were observed for Se-GEP group at the dose levels of 5-20 ug/mL. In detail, when
the RAW 264.7 cells were exposed to Se-GEP, TNF-a secretion levels were increased from 228 pg/mL
(control group) to 407.4-490.5 pg/mL and the secretion level of NO was elevated from 5.1 uM (control
group) to 17.4-35.8 uM. At the same time, the secretion levels of NO and TNF-a were also elevated
in GEP group at different dosages, but Se-GEP had more potential than GEP to favor the secretion of
these two cytokines. Thus, it is concluded that the performed selenylation endowed Se-GEP with
enhanced immunomodulatory activity.
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Figure 7. Phagocytosis activity analysis (a) and secretion levels of TNF-a (b) and NO (c) of RAW 264.7
cells exposed to GEP, Se-GEP at different dosages for 24 h. The data are presented as the mean + SD.
* P <0.05,* P<0.01, ** P <0.001, and **** P <0.0001 compared with the negative control group.

2.4. In vivo effects of Se-GEP on cyclophosphamide (CTX)-treated mice

2.4.1. Body weight and feed intake

The changes in body weights and feed intake were shown in Table 2. The initial body weights
showed no significant difference among the seven groups. Compared with the sham group, all cy-
clophosphamide-treated mice groups underwent significant bodyweight decrease (P<0.0001) and
feed intake reduction (P<0.0001), which indicated that the immunosuppression model had been suc-
cessfully established. After 10 days, all groups except the sham group and the vehicle group were
administrated relevant polysaccharides. Compared with the vehicle group, the average mice body
weights and feed intake of Se-GEP groups were significantly increased, indicating that Se-GEP effec-
tively improved immunomodulatory activity.

Table 2. Body weight and feed intake in mice (n=8)

Treatment Initial Intermediate Final weight Feed intake Feed intake
groups weight (g)  weight (g) (g) during during recovery
modeling phase
Sham 22.3+1.02 25.3+2.13 30.5+1.42 15.7+1.13 21.0+1.61
Vehicle 22.4+1.04 20.8+2.11™" 24.0£1.55™" 8.0£1.05™" 8.741.52"####
Positive 22.1+0.98 21.3+1.98™" 28.0+1.98™## 8.4+0.95™ 15.8+1.127####
Na:2SeOs 21.8+£1.05 21.1£2.15™" 26.7+1.95""# 8.1+£1.18™" 13.9+1.327####
Low-dose  22.3+1.01 20.4+2.02"" 26.8+1.717"# 7.8+£1.21™ 15.1+1.817####
Medium-  22.1+0.99 21.0£1.86™" 28.2+1.99#### 8.4+1.95™ 16.2+0.927###
dose
High-dose 22.0+0.89 20.4+1.85™" 29.2+1.89%## 8.4+0.89"" 18.9+1.74#%

The data are presented as the mean + SD. * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001
compared with the Sham control group. * P <0.05, # P <0.01, ## P <0.001, and #*# P <0.0001 compared
with the vehicle group.

2.4.2. Spleen and thymus index
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Spleen, the largest peripheric immune organ, plays an important role in the immune response.
The spleen and thymus indices were adopted to evaluate the effects of Se-GEP on the immune organs.
As shown in Figure 8a, the spleen and thymus indices of the vehicle group were remarkably de-
creased in comparison with the normal group (P<0.0001), showed that cyclophosphamide signifi-
cantly exhibited immunosuppressive action. The administration of Se-GEP significantly increased
the spleen and thymus indices in a dose-dependent manner compared with the vehicle group. The
results incorporation of Se into GEP yielded great immunomodulatory effects and reverse the CTX-
induced atrophy of immune organs.

2.4.3. Carbon clearance assay

The carbon clearance assay was used to test the phagocytic function of monocyte, with faster
removal of carbon particles reflecting the enhanced phagocytic function. As shown in Figure 8b, a
significant decrease of phagocytic index (a) in the vehicle group was observed by comparing with
the sham group (P<0.0001). Se-GEP could effectively increase the phagocytic index («) in a dose-
dependent manner (100, 500 and 3000 ug/kg/d, bw). Especially at a dose of 3000 ug/kg/d, the phago-
cytic activity was restored from 3.57 to 4.58, which was almost equally to the sham group index (4.54).
These results demonstrated that Se-GEP could improve the macrophage function in CTX-treated
mice.

2.4.4. Serum IL-4 and IFN-y assay

Activated T-helper type (Th1l) and T-helper type (Th2) lymphocytes could secret IFN-y and IL-
4, respectively, which mediate cellular and humoral immune responses, respectively. So, the levels
of serum IFN-y and IL-4 reflect the strength of cellular and humoral immunity. ELISA kits were used
to determine the levels of serum IFN-y and IL-4 with lentinan (50 mg/kg/d) as a positive control. As
shown in Figure 8¢, a significant decrease of IFN-y and IL-4 in vehicle group indicating the CTX-
induced immunosuppression mice were successfully established. The administration of Se-GEP
could increase the levels of IFN-y and IL-4 significantly in a dose-dependent manner. These results
indicated that the selenylation of GEP could improve both cellular and humoral immunity responses
in CTX-treated mice.
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Figure 8. Effects of Se-GEP on spleen and thymus (a) and carbon clearance assay (b) and the level of
serum IFN-y and IL-4 (c)The data are presented as the mean + SD. * P < 0.05, ** P < 0.01, *** P < 0.001,
and **** P < 0.0001 compared with the Sham control group. # P <0.05, # P < 0.01, ## P <0.001, and ##
P <0.0001 compared with the vehicle group.
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3. Materials and Methods

3.1. Materials

The rhizome of G. elata were purchased from Guizhou Wumengteng Fungus Industry Co. LTD
(Guizhu, China) in December 2020, and authenticated by Prof. Huaguo Chen (Guizhou Normal Uni-
versity). Specimen no. 2020012005 was stored at Food and Pharmaceutical Engineering Institute, Gui-
yang University (Guizhou, China). Dimethyl sulfoxide (DMSO), Triflouoroacetic acid (TFA), nitric
acid (HNO:s), sodium selenite (Na25eOs), chlorosulfonic acid (CIHSO:s), pyridine, and 1-phenyl-3-me-
thyl-5-pyrazolone (PMP) were from Aladdin (Shanghai, China). T-series dextran standards (T-410, T-
270, T-150, T-70, T-40 and T-10 with molecular weight of 410, 270, 150, 70, 40 and 10 kDa) were pur-
chased from Sigma-Aldrich Inc. (St. Louis, Mo, USA). Dialysis tubes (MW 3500 Da) were from
Viskase (USA). Other reagents were of analytical grade and commercially available.

Macrophage cell line RAW 264.7 was purchased from American Type Culture Collection
(ATCC, Virginia, USA). Lipopolysaccharide (LPS, from Escherichia coli 0111:B4), and 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium sodium (WST-8) were pur-
chased from Solaibao Biotech Co. Ltd (Beijing, China). Mouse ELISA kits were purchased from Sigma
Chemical Co. Ltd (St. Louis, Mo, USA).

3.2. Extraction and purification of GEP

The polysaccharides was extracted according to a previous study[22]. In brief, the dried rhi-
zomes of G. elata (506 g) were defatted with 95% EtOH for three times. After air drying, the residue
was reflux extracted with boiling water for 3 times. The combined supernatant was concentrated to
one-fourth of its initial volume and then treated with Sevag reagent in a ration of 2:1(v/v) for several
times to remove proteins. Ethanol was added to the solution to a final concentration of 80% and in-
cubated at4 °C for 24 h to let G. elata polysaccharides be completely precipitated. After centrifugation,
the precipitate was re-dissolved in distilled water and lyophilized as crude G. elata polysaccharides.

The diethylaminoethyl cellulose 52 (DEAE-52) ion exchange resin column (30 cm x 3.2 cm) was
used to elute crude G. elata polysaccharides with deionized water at a flow rate of 1 mL/min. The
eluted aliquots were collected every 10 mL and the phenol-sulfuric acid method was used to monitor
the elution. The most abundant polysaccharide fraction from DEAE-52 were collected and obtained
after lyophilization as GEP with total sugar content of 93.18%=0.84%.

3.3. Preparation of S-GEP and Se-GEP

3.3.1. Preparation of S-GEP

Sulfated derivatives of GEP was prepared by the chlorosulfonic acid-pyridine (CSA-Pyr)
method[31] with modification. Briefly, GEP (1 g) was suspended in N,N,-dimethylformanide (DMF)
under agitation at 25 °C for 1 h. The sulfated reagent was prepared by adding CSA to Pyr at a ratio
of 1:2 (v/v) under an ice bath, and the mixture was energetically stirred at 25 °C for 1 h. Then, the
sulfated reagent was added dropwise to GEP solution and the mixture was kept stirring at 25 °C for
2 h. After the reaction was finished, the reactive mixture was adjusted to pH 7 with 2 mol/L NaOH
solution. Ethanol was added to the solution (3-bold volume) and kept at 4 °C for 24 h. After that, the
precipitate was collected and redissolved in distilled water. The solution was dialyzed against dis-
tilled water for 24 h using 3500 Da MW cutoff dialysis bags and then lyophilized by a freeze dryer to
obtain the sulfated polysaccharide and designated as S-GEP.

3.3.2. Preparation of Se-GEP

The selenylation modification by NA-SS method was performed according to previous study
with some modifications[32]. In brief, 500 mg S-GEP was added into 100 mL HNOs (0.3 wt%) con-
taining 1.0 g BaClz2 under fully stirring. The selenized reaction was then started by adding 500 mg of
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Na25eOs and the reaction temperature was set at 70 °C for 4 h. After the reaction, the mixture was
cooled to room temperature and the pH was adjusted to 7 with 1 mol/L. NaOH solution. Sodium
sulfate (Na2504) was added to remove Ba?*and then centrifuged at 3500 rpm for 10 min. The resulting
aqueous fraction was extensively dialyzed against tap water for 48 h and distilled water for 24 h until
no free sodium selenium was detected when ascorbic acid (Vc) was added. Finally, the dialysate was
concentrated and lyophilized to obtain selenized polysaccharide (Se-GEP).

3.4. Determination of S-GEP and Se-GEP content

3.4.1. Determination of S-GEP content and degree of substitution

The sulfur content (5%) was measured by the barium chloride (BaClz)-gelatin method[33]. The

degree of substitution (DS) was calculated according to the equation as follows:
1.62 X $%

=77 1
S 32-1.02 X 5% @

3.4.2. Determination of selenium content

The selenium content of Se-GEP was determined by using a fluorescence spectrophotometer
(RF-5301PC, Shimadzu, Japan). Firstly, Se-GEP (10 mg) was soaked in 4 mL of mixed acid
(HClO4: H2SO4: HNO:s =1:1:4, v/v/v) at room temperature and then digested in a microwave diges-
tion workstation at a preset program. Subsequently, the digested sample was put into a 100 mL con-
ical flask and heated until almost dry. The digestion solution was diluted accurately to 10 mL with
0.1 mol/L HCI after cooling. Hydroxylamine hydrochloride (HONH:-HC], 0.5 mol/L, 4 mL) and eth-
ylenediaminetetraacetic acid disodium (EDTA-2Na, 0.2 mol/L, 4 mL) were added to the digestion
solution, respectively. After that, 2 mL of 0.1% 2,3-diaminonaphthalene (DAN) solution was added
and the mixture was kept in dark place for 1 h. The mixture was heated by boiling water bath for 10
min and then cooled to room temperature, followed by adding 5 mL cyclohexane. The fluorescence
intensity of cyclohexane solution was measured with the excitation and emission wavelength at 376
nm and 520 nm, respectively. Finally, the Se content of Se-GEP was calculated according to standard
curve.

3.5. Physicochemical properties of Se-GEP

3.5.1. Chemical analysis

Total sugar content was determined by using the phenol-sulfuric acid method and D-glucose
was employed as a standard[34]. The reducing sugar content was determined by 3,5-Dinitrosalicylic
acid (DNS) method using D-glucose as a standard[24]. The content of protein was measured accord-
ing to the Bradford method using bovine serum albumin (BSA) as a standard[35]. Uronic acids con-
tent was determined using the carbazole-sulfuric acid method, with D-galacturonic acid as the refer-
ence[36].

3.5.2. Molecular weight determination

Molecular weight determination was performed on a high-performance liquid chromatography
(HPLC, Agilent 1260 series, Agilent Technologies, Santa Clara, CA, USA) with a TSK gel G4000 SWXL
column (7.8 mm x 300 mm) and a differential refraction detector (RID, G1362A). Polysaccharide sam-
ples were dissolved in distilled water (5 mg/mL), passed through a 0.45 um filter, and the volume
injected was 10 pL. An isocratic elution with distilled water was conducted at a flow rate of 0.6
mL/min. T-series dextrans were adopted as the calibrated standards for the molecular weight meas-
urement.

3.5.3. Particle size and zeta potential analysis
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Particle size and zeta potential (ZP) were measured to estimate the stability of polysaccharide
disperse system. Each polysaccharide samples were diluted with deionized water to a final concen-
tration of 1.0 mg/mL. After centrifugation, the average particle size and ZP values were determined
at 25 °C with a fixed scattering angle of 90 using a NanoZ590 zeta-sizer (Malvern Instrument Ltd.,
Worcestershire, UK).

3.6. Structural characterization of Se-GEP

3.6.1. UV and FT-IR spectroscopy analysis

UV spectra of samples (0.1 mg/mL) were recorded on an UV-visible spectrophotometer
(UV2600, Shimadzu, Japan) in the range of 200-400 nm. For FT-IR spectral measurement, the samples
were prepared as KBr pellets and detected by Fourier transform infrared spectrometer (iCan 9, Tian-
jin, China) in a wavenumber range of 400-4000 cm'.

3.6.2. Scanning electron microscopy (SEM) and Energy Dispersive X-ray Spectrometer (EDX) Analy-
sis

The microstructures of GEP, S-GEP and Se-GEP were observed under SEM (JSM-5510, JEOL Co.,
Tokyo, Japan). The polysaccharides were placed on the test stage and coated with a thin-layer gold
film prior to examination. Images were acquired using with an accelerating voltage of 2 kV. The sur-
face elemental compositions of the polysaccharides were analyzed using EDX (EX-250, Horiba Ltd.,
Tokyo, Japan) with the same sample preparation as in SEM.

3.6.3. Nuclear magnetic resonance (NMR) spectra

The NMR spectroscopy of Se-GEP was recorded on a Bruker Avance NEO spectrometer (Bruker,
Karlsruhe, Germany) operating at ghe frequency of 600 MHz with tetramethylsilane (TMS) as the
internal reference. Se-GEP was deuterium-exchanged by freeze drying from D20, and then resolved
in D20 for examination with a 5>-mm probe at room temperature.

3.6.4. lodine-iodide kalium (I>-KI) and Congo red reaction

The nature of the blue color in the iodine-starch reaction is performed to explore the existence
of branches in the Se-GEP skeleton structure. In brief, 5.0 mL of different polysaccharides solution
(1.0 mg/mL) were put into glass colorimetric tubes (25 mL) and then 1.0 mL of iodine solution (0.2%
KI solution containing 0.02% I2) were added. After drastic shaking for 5 min, the color change was
detected to finger out whether the polysaccharide main chain has branches and whether it contains
starch. The Congo red reaction assay was conducted to identify the triple-helix conformation of pol-
ysaccharides through the shift in the visible absorption maximum of Congo red at carious concentra-
tions of alkali[37]. The solutions of Se-GEP (0.5 mg/mL) in 0-0.5 mol/L NaOH containing 80 pimol/L
Congo red. The absorption spectra were recorded from 190-800 nm at room temperature.

3.6.5. Periodate oxidation

The periodate oxidation and formic acid formation tests were used to identify the Se substitution
site of Se-GEP. Each 1—6 pyranose residue with hydroxyl groups on three contiguous carbon atoms
undergoes periodate oxidation will liberate 1 mole of formic acid[38]. The GEP and Se-GEP polysac-
charides (50 mg) in 30 mmol/L NalOs (25 mL) were kept in the dark for 7 days at room temperature.
The consumption of NalOs and formic acid liberation from GEP and Se-GEP were examined and
compared.

3.7. In vitro immunomodulatory activity analysis

3.7.1. Cell culturing
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RAW 264.7 cells were cultured in DMEM high glucose medium supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS), 1% (v/v) penicillin-streptomycin (5000 units/mL penicillin,
5000 pg/mL streptomycin), and incubated in a humidified atmosphere of 5% CO: at 37 °C (NUAIR-
NU-5510E, USA).

3.7.2. Cell viability assay

The cell viability assays of the polysaccharides were performed using a cell counting kit 8§ (CCK-
8, Solarbio; Beijing, China) according to the manufacturer’s instructions. Briefly, cells were seeded in
a 96-well microplates at a density of 1 x 10* cells/well (100 pL/well) in triplicate and cultured for 2 h
for their attachments. The growth medium was removed and 100 pL medium with samples at various
dose levels (10, 20, 40, 60, and 80 pg/mL for GEP and Se-GEP) containing 10 pg/mL polymyxin B was
added to treat well for 12- 24 h. Na:5eOs at concentrations of 1-4 ug/mL were also used to treat the
cells similarly. After the incubation, the medium was discarded and 10 uL CCK-8 solution was pi-
petted into each well, and cells were incubated in the dark for another 2 h. The medium was discarded
2 hlater and 100 puL dimethyl sulfoxide (DMSO) was added to each well. The absorbance values were
measured at 450 nm on a Varioshan LUX multimode microplate reader (Thermo fisher scientific,
Waltham, MA, USA). The values of cell viability were calculated by the following equation with the
negative control cells were designed with 100% viability. .

Cell viability (%) = A1/A2 x 100% (2)

Where A1 is the absorbance value of the treatment group, and A: is the absorbance value of the

blank group

3.7.3. Phagocytosis assay

The phagocytic activity was evaluated by using the neutral red method. In brief, the cells (1 x
10* cells/well) were seeded in a 96-well plates and incubated for 2 h. After removing the medium, 100
pL/well of samples at various dose levels (5-80 pug/mL for GEP and Se-GEP) were added to treat well
for 24 h. After discarding the supernatants, 100 uL neutral red solution (1%) was added into each
well to incubate for 30 min. Afterwards, the supernatant was removed and the cells were washed five
times with PBS (10 mmol/L, pH 7.2), and then 200 pL of lysing buffers (ethanol:acetic acid=1:1, v/v)
was added to treat the cells for 2 h. The absorbance value at 540 nm wavelength was measured and
the neutral red phagocytosis rate (%) was calculated as:

Neutral red phagocytosis (%) = A1/A2 x 100% (3)

Where A1 is the absorbance value of the treatment group, and A: is the absorbance value of the
blank group

3.7.4. Secretion of nitric oxide (NO) and cytokines

RAW264.7 cells (1 x 105 cells/well) were seeded in a 96-well microplates. After 2 h of incubation,
the cells were then treated with samples at different concentrations (40, 80, 160, 320 pug/mL for GEP
and 5, 10, 15, 20 ug/mL for Se-GEP) in the presence and absence of LPS (1 pug/mL) for 24 h. The cell
supernatants were collected and the amounts of TNF-a and nitric oxide (NO) production was de-
tected using Mouse TNF-«, NO ELISA kit according to the manufacturer’s protocol.

3.8. In vivo immunomodulatory activity analysis

3.8.1. Animals and experimental design

Male ICR mice (8 weeks old and 25-30 g in weight) were purchased from Chongging Tengxin
Biotechnology Co., Ltd. (License number: SCXK2019-0010, Chongging, China). The mice were
housed in a specific pathogen-free (SPF) room with a 12 h light/dark cycle, temperature 25 °C+1°C,
relative humidity 60%=10%. All mice were free access to water and standard chow, and were
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acclimatized for 3 days before experiments. After adaptive feeding, the mice were randomly divided
into 7 groups: sham (water, i.g.), vehicle (80 mg/kg/d, i.p.), sodium selenite group (30 ug/kg, i.g.),
positive control group (lentian, 50 mg/kg, i.g.), low Se-GEP group (100 ug/kg, i.g.), meddle Se-GEP
group (500 ug/kg, i.g.), high Se-GEP group (3000 pg/kg, i.g.). All groups, except the sham group, were
subjected to immunosuppression by administration of cyclophosphamide (80 mg/kg/d) intraperito-
neally for ten consecutive days. From day 1 to day 20, all groups were orally administrated daily.
After the last drug administration, all group mice were fasted for 24 h and then the blood and tissue
samples were collected for analysis. The protocols for the animal studies were approved by the Insti-
tute of Laboratory Animal Resources of Guizhou Normal University (Guizhou, China).

3.8.2. Spleen and thymus indices

After last administration, mice were weighted and sacrificed by cervical dislocation. The spleen
and thymus tissues were removed and weighted. Relative organ indices were calculated according
to the follow formula:

Weight of spleen

Spleen index (mg/g) = (4)

Weight of mouse

Weight of index
Weight of mouse

Thymus index (mg/g) = (%)

3.8.3. Carbon clearance assay

The immune activity of macrophage cells function was assessed by a non-specific carbon clear-
ance test[39]. The mice were injected with 0.1 mL/10 g body weight of Indian ink (20%, v/v) through
tail vein. Blood samples (20 pL) were collected from the retro-orbital venous plexus after 3 min (t1)
and 15 min (t2), and then were mixed with 0.1 % sodium carbonate solution (2 mL) immediately. The
absorbance of these dilutions was measured at 600 nm, where OD1 was for t1 and OD2 was for t2. The
phagocytic index (a) was calculated as follows:

K= logOD1 —log OD2
B tr—t

(6)

Body weight VR )

“= Liver weight + Spleen weight

3.8.4. Serum IL-4 and IFN-y assay

Blood samples were collected from the mice orbital vein on the day before the last polysaccha-
rides administration. The sera were obtained by blood sample centrifuged at 3500 rpm for 10 min at
4 °C, and the levels of IL-4 and TFN-y were measured by using the respective ELISA Kkits.

3.9. Statistical analysis

All the results data were expressed as mean + standard deviation (SD). The group difference was
analyzed by one-way ANOVA using IBM SPSS 23.0 software package (Chicago, IL, USA) and
GraphPad Prism 8.0 software package (La Jolla, CA, USA). Statistical significance was considered at
P<0.05 and P<0.01.

4. Conclusions

In the current study, a high selenized Gastrodia elata Blume polysaccharide, Se-GEP, was pre-
pared through pre-sulfation before conducting the selenization modification. Se-GEP has a molecular
weight of approximately 500 kDa with Se content about 2.29%, the average particle size 395.4 + 18.8
nm, and zeta potential value -28.17 + 1.59 mV. Structural analysis revealed that Se-GEP contains
mainly glucose with a-configuration, and existed as both triple-helical and random coils condition,
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where selenylation reaction was mostly occurred at the C-6 position. Inmunomodulatory effects of
Se-GEP on RAW 264.7 cells showed that selenylation modification enhanced cell viability and phag-
ocytosis, elevated the secretion levels of NO and TNF-a. In vivo experiment of Se-GEP on CTX-treated
mice revealed that Se-GEP could improve body weight and feed intake on immunosuppressive mice,
increase the spleen and thymus indices, enhance the phagocytic function, and activate both Th1 and
Th2 lymphocytes. Taken together, these findings suggested that Se-GEP derived from a healthy food
Gastrodia elata (G. elata) Blume with selenylation modification was a potential dietary selenium nutri-
ent for improving human immunity.
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