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ARTICLE INFO ABSTRACT

Keywords: The physicochemical properties of the polysaccharides in Polygonatum kingianum, a Chinese medicinal herb used

P Olyg""am’"_ kingianum for both medicine and food, have not been fully studied. This study isolated three polysaccharides (PKP-1, PKP-2,

Edysa“ha"des and PKP-3) from the dry rhizomes of P. kingianum, with an average molecular weight of approximately 3137 Da,
ructan

5341 Da and 3755 Da, respectively. Structural analysis showed that all the three polysaccharides are fructans
with p-D-Fruf-(2—, —6)-p-D-Fruf-(2—, —1)-p-D-Fruf-(2—, —1,6)-p-D-Fruf-(2— and —6)-a-D-Glcp-(1— glycosidic
bond type. Notably, PKP-2 contains both acetyl groups and trace amounts of mannose residues. Scanning
electron microscopy indicated that each polysaccharide possesses unique surface morphology. Thermal analysis
showed that the three polysaccharides have good thermal stability. Rheological studies further revealed that all
the three polysaccharides are typical shear thinning fluids. In vitro experiments showed that PKP-1 and PKP-2
significantly promote the secretion of NO and cytokines (TNF-a, IL-6) in macrophages by activating the NF-«kB
signaling pathway, thereby demonstrating potential immunomodulatory activity. These findings lay a theoretical

Physicochemical properties
Immunomodulatory activity

foundation for the potential application of Polygonatum polysaccharides in the food industry.

1. Introduction

Polygonatum (Liliaceae) was initially documented in the “ Famous
Physicians' Records “ during the Eastern Han Dynasty in China and was
listed as a top-grade herb. At present, the Traditional Chinese Medicine
Polygonatum, also called as “Huangjing” in China, is defined as the dry
rhizome of Polygonatum kingianum Coll. et Hemsl., Polygonatum sibiricum
Red. or Polygonatum cyrtonema Hua in the Chinese Pharmacopoeia. It
has the effects of nourishing qi and yin, strengthening the spleen,
moistening the lungs, and tonifying the kidneys [1]. In addition, Pol-
ygonatum is used as both medicine and food, and is included in the
Catalogue of Substances that are Both Food and Traditional Chinese
Medicine [2]. There are also medicines and functional foods related to
Polygonatum, such as Yiyuan Huangjing Syrup and P. sibiricum tea,
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P. sibiricum cake and P. sibiricum wine [3]. All these indicate that the
application of Polygonatum is very promising.

Polygonatum polysaccharide is considered as an important bioactive
component [4]. Currently, many studies have focused on the pharma-
cological activities of Polygonatum polysaccharide, including antioxi-
dant [5], immune regulatory [6], and prebiotic activities [7]. Our
research group has previously done research on the prebiotic activity of
Polygonatum polysaccharide [8], but less research has been done in the
direction of its fluid food, in this work we surprisingly found that three
polysaccharides from P. kingianum possess hydrocolloid feature, with a
high degree of viscosity when dissolved in water. In order to improve the
comprehensive utilization of Polygonatum polysaccharide as well as to
develop its application in food industry, it is essential to study the
structure, physicochemical properties and colloidal characteristics of
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Polygonatum polysaccharide.

The rheological and thermal stability of polysaccharides are key
factors for their ability to play important roles in the food industry.
Rheological analysis was conducted to study the deformation and re-
covery ability of polysaccharide solution under external forces [9],
which is crucial for understanding the transport and absorption mech-
anisms of polysaccharides in living organisms. The thermal analysis of
polysaccharides can help us understand their behavior during the
heating process [10], which is crucial for designing and optimizing the
processing technology of polysaccharides, thus guiding their application
and development.

In this study, we isolated three polysaccharides from P. kingianum
and obtained information on their molecular weight, functional groups,
monosaccharide composition, and glycosidic bond types through high-
performance gel chromatography, UV-Visible analysis, FT-IR analysis,
methylation analysis, 1D NMR analysis and 2D NMR analysis. Further
rheological and thermal analysis studies were conducted to obtain in-
formation on the viscosity, elasticity, and thermal stability of poly-
saccharides. Subsequently, the immunomodulatory activities and
underlying mechanisms of the three polysaccharides were assessed by
using in vitro RAW264.7 macrophage assays.

2. Materials and methods
2.1. Materials

The P. kingianum was purchased from Yunnan Lvsheng Pharmaceu-
tical Co., Ltd. (Yunnan, China) (Fig. S1). DEAE-52 cellulose was from GE
Healthcare Life Science (Piscataway, NJ, USA). Standard dextrans were
from National Institutes for Food and Drug Control (Beijing, China). The
monosaccharide standards including p-fructose, p-glucose, D-glucuronic
acid, D-galactose and D-galacturonic acid were from Sigma-Aldrich
(Shanghai, China). D-mannose, L-Rhamnose, L-xylose and D-arabinose
were from Alfa Aesar (Shanghai, China). L-Fucose was from Tokyo
Chemical Industry (Tokyo, Japan). Trifluoroacetic acid (TFA), 1-phenyl-
3-methyl-5-pyrazolone (PMP) and dimethyl sulfoxide (DMSO) were
from Aladdin (Shanghai, China). Sodium borodeuteride (NaBD4) was
from J&K Scientific Ltd. (Guangdong, China). Deuterium oxide (D50)
was from Cambridge Isotope Laboratories, Inc. (Cambridge, USA). Fetal
bovine serum was sourced from Lonsera (Shanghai, China). The CCK-8
and NO detection kit were obtained from Suzhou Youyilandi Biotech-
nology Co., Ltd. (Suzhou, China). The DMEM medium was from Gibco
(Grand Island, USA). The IL-6 and TNF-« assay kits were purchased from
Invitrogen (California, USA). Lipopolysaccharide (LPS) was from Sigma
(USA). The primary antibodies against phospho-NF-kB p65, NF-kB-p65,
phosphor-IxBa, IkBa, and secondary antibodies were from the Cell
Signaling Technology (Massachusetts, USA), and GAPDH from ABclonal
Biotechnology (Wuhan, China).

2.2. Extraction and purification of the polysaccharides

The detailed steps for polysaccharides extraction, separation, and
purification are illustrated in Fig. S2. Briefly, the dried P. kingianum
(300 g) was crushed and degreased with ethanol, dried in the air and
extracted twice with deionized water (3 L) at 80 °C (2 x 2 h). The extract
was combined and centrifuged (4000 rpm x 15 min). Afterwards the
ethanol was added to the extraction solution until the final concentra-
tion is 40 % (v/v) and centrifuged (4000 rpm x 15 min) to obtain the
precipitate PKP40. Then added ethanol to the supernatant until the final
concentration is 60 % (v/v), and centrifuged (4000 rpm x 15 min) it to
obtain the precipitate PKP60. Finally, ethanol was added to the super-
natant until the final concentration is 80 % (v/v) followed by centrifu-
gation (4000 rpm x 15 min) to obtain the precipitate PKP80.

For further purification, the PKP40 (4.867 g), PKP60 (2.932 g) and
PKP80 (10.050 g) were dissolved by deionized water and passed through
a DEAE-52 cellulose column (4.0 cm x 25.0 cm), and eluted with
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deionized water (eluted with three times the column volume), respec-
tively, and were named PKP40W, PKP60W, and PKP8OW. Sephadex G-
75 column was used to remove water-soluble macromolecules. The
polysaccharide solutions were then dialyzed (MWCO 1000 Da) for 48 h
and finally lyophilized to obtain the purified polysaccharides PKP-1,
PKP-2 and PKP-3.

2.3. Measurement of molecular weight

In accordance with the previously established method [11], the ho-
mogeneity, weight average molecular weight (Mw) and number average
molecular weight (Mn) of polysaccharides were determined by high-
performance gel permeation chromatography (HPGPC) using an Agi-
lent technologies 1260 series (Agilent Co., USA) system equipped with a
Shodex OHpak SB-804 HQ column (8 x 300 mm). The molecular weight
was calculated and calibrated using GPC software (Agilent Technolo-
gies, Inc., USA, version 3.4).

The standard curves were plotted using dextran standards with
different known molecular weights (2700, 5250, 9750, 13,050, 36,800,
64,650, 135,350, and 300,600 Da). The mobile phase was 0.1 M NaCl,
the flow rate was 0.5 mL/min, and the column temperature setting was
maintained at 35 °C.

2.4. UV-visible and FT-IR spectra analysis

The UV-2600 (SHIMADZU, Japan) was used to record the absor-
bance of polysaccharides solution (1 mg/mL) with the range of 190 to
800 nm.

The FT-IR spectroscopy of purified polysaccharides in the range of
400-4000 cm ! was determined using the KBr-pellets method on a FT-
IR spectrometer (Tensor 27, Bruker, Germany).

2.5. Monosaccharide composition analysis

The monosaccharide composition was determined by PMP pre col-
umn derivatization method. In brief, the purified polysaccharides were
dissolved in a COD tube in 2 M TFA and react at 110 °C for 4 h. Then
methanol was added three times to spin dry it. Added 0.6 M NaOH and
0.5 M PMP methanol solutions to the samples, and incubated at 70 °C for
1 h. Cooled to room temperature and added 0.6 M HCI to stop the re-
action. Finally, extracted three times with CHCls. The processing process
of monosaccharide standards was the same as that of samples.

The samples were analyzed on Agilent technologies 1260 series
system (Agilent Co., USA) with a XSelect HSS T3 column (4.6 x 250 mm,
5 pm). The mobile phase was a mixture of 0.1 M phosphate buffer and
CH3CN (82:18), the flow rate was 1 mL/min, the column temperature
setting was maintained at 25 °C, and entire analysis process was moni-
tored by a diode array detector (DAD) at 250 nm.

Considering the complex composition of polysaccharides, an addi-
tional assay was conducted to ensure more precise results. In sum, the
purified polysaccharides were dissolved in a COD tube in 0.5 M TFA and
react at 100 °C for 2 h. Then added methanol three times to spin dry it.
Finally dissolved, centrifuged (13,000 rpm x 15 min), filtered and
waited for injection. The processing process of monosaccharide stan-
dards was the same as that of samples.

The samples were analyzed on Agilent technologies 1260 series
system (Agilent Co., USA) with a Cosmosil Sugar-D column (4.6 x 250
mm, 5 pm). The mobile phase was a mixture of ultrapure water and
CH3CN (15:85), the flow rate was 0.2 mL/min, the column temperature
setting was maintained at 35 °C, and entire analysis process was moni-
tored by a refractive index detector (RID).

2.6. Methylation and GC-MS analysis

2.6.1. Preparation of the partially methylated alditol acetates (PMAAs)
The methylation of polysaccharide was generally carried out using
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the Needs method with minor modifications [12]. Briefly, dissolved the
polysaccharides in anhydrous DMSO and added them to a prepared
DMSO solution of NaOH (50 mg/mL). Stirred with magnetic force to
dissolve. Added CH3l to react for 3 h under ice bath and dark conditions,
extracted three times with CHCl3, and then extracted three times with
deionized water. Took the organic phase and spin dried it. Added 0.5 M
TFA and hydrolyzed at 70 °C for 3 h, then added methanol and spin
dried. Added NaOH solution to achieve a pH value of 10, reacted at
50 °C for 2 h with NaBDy, and spin dried with methanol. Added acetic
anhydride and pyridine to react at 100 °C for 1 h and extracted with
CH5Cl,, and then extracted three times with deionized water to obtain
PMAASs in the organic phase.

2.6.2. GC-MS analysis

The PMAAs were analyzed on HP6890GC/5973 MS system (Agilent
Co., USA) equipped with a HP-5MS quartz capillary column (30 m x
0.25 mm, 0.25 pm film thickness). GC conditions were set as follows:
The initial temperature of the column was 80 °C, maintained for 1 min,
and after a programmed temperature rose of 5 °C/min to 250 °C,
maintained for 40 min. The column flow rate was 1.5 mL/min. The in-
jection port temperature was 250 °C. The pre-column pressure was 100
kPa. The split ratio was 10:1. The carrier gas was high-purity helium.
The injection volume was 1 pL. MS conditions were set as follows: The
ionization method was EI. The electronic energy was 70 eV. The trans-
mission line temperature was 290 °C. The ion source temperature was
230 °C. The quadrupole temperature was 150 °C. The mass range was m/
2z 50-600.

GC-MS data analysis should be compared to the standard chro-
matogram of the Complex Carbohydrate Research Center (CCRC) data-
base (https://www.ccrc.uga.edu).

2.7. Nuclear magnetic resonance (NMR) spectroscopy analysis

The purified polysaccharides were dissolved in DO and lyophilized
three times to complete deuterium exchange. 'H, 1C, 'H—'H correlated
spectroscopy (\H—'H COSY), H—'3C heteronuclear single-quantum
coherence (HSQC), heteronuclear multiple bond coherence (HMBC),
!H—13C HSQC-TOCSY and distortionless enhancement by polarization
transfer-135 (DEPT-135) NMR spectra were recorded by a Bruker
Avance 800 MHz spectrometer (Bruker, Germany) equipped with
'H—13C dual probes in FT mode.

Sodium 3- (trimethylsilyl) propionate (TMSP, 6y and 5¢ = 0.00) was
used as internal standard for NMR analysis.

2.8. Scanning electron microscope analysis

After the polysaccharide sample had been freeze-dried, a small
amount of the sample was weighed and immersed in a conductive ad-
hesive. The powder that had not adhered to the conductive adhesive was
blown off, then the sample was sprayed with gold and tested under an
electron microscope (SEM; Hitachi, S4800, Japan). The samples were
observed at 500 or 1000 magnification.

2.9. Thermal characterization

The thermal characteristics of the sample were determined using
thermogravimetric analysis (TG) and differential scanning calorimetry
(DSC) on a thermogravimetric analyzer (SDT Q600, TA instruments,
USA). Weighed a small amount of sample (about 5 mg) and placed it in a
crucible. Opened the instrument and placed the crucible in the instru-
ment. Heated it from 25 °C to 800 °C at a heating rate of 10 °C/min
under a nitrogen atmosphere, with a flow rate of 100 mL/min.

2.10. Rheological properties

Measured the rheological properties of polysaccharides using a
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rheometer (Kinexus ultra, Netzsch, Germany) equipped with parallel
plate geometry (PU20 SR5612SS, 20 mm diameter, 0.15 mm gap).

2.10.1. Steady-state shear test
Plotted the shear rate viscosity relationship curve for a 4 % (w/v)
aqueous solution at a shear rate range of 0.01 to 1000 s~! at 25 °C.

2.10.2. Dynamic rheological test

Measured the storage modulus (G") and loss modulus (G") of a 4 %
(w/v) aqueous solution in the angular frequency range of 0.01 to 100
rad/s at 5 % strain at 25 °C.

2.11. Immunomodulatory activity assay

2.11.1. Cell culture

RAW264.7 cells were cultured in DMEM medium containing 10 %
(v/v) fetal bovine serum (FBS) and 1 % penicillin/streptomycin, under
cell culture conditions of 5 % CO5 and 37 °C.

2.11.2. Cell viability

RAW264.7 cells were plated at a density of 1 x 10* cells/well in a 96-
well plate and incubated in a 5 % COy, 37 °C cell culture incubator for
24 h. The cells were then treated with PKP-1, PKP-2, and PKP-3 at
concentrations of 50 pg/mL, 150 pg/mL, and 450 pg/mL, along with 1
pg/mL LPS, for 24 h. Subsequently, 10 pL of CCK-8 solution was added to
each well and the plate was incubated at 37 °C in darkness for 2 h.
Following this incubation, the optical density (OD) at 450 nm was
measured using a microplate reader. Three replicate wells were used for
each sample.

2.11.3. The secretion of inflammatory cytokines NO, IL-6, and TNF-a

RAW264.7 cells were seeded at a density of 1 x 10° cells/well in a
24-well plate and incubated in a 5 % COq, 37 °C environment for 24 h.
Subsequently, cells were treated with different concentrations of PKP-1,
PKP-2, and PKP-3 (50 pg/mL, 150 pg/mL, and 450 pg/mL respectively)
along with 1 pg/mL of LPS for 24 h. Nitric oxide (NO) levels were
assessed using the Griess method, while IL-6 and TNF-a secretion in the
supernatant were quantified using ELISA.

2.11.4. Western blot analysis

RAW264.7 cells were seeded in 6-well plates at a density of 1 x 10°
cells/well and treated with PKP-1, PKP-2, and PKP-3 at concentrations
of 50 pg/mL, 150 pg/mL, and 450 pg/mL, along with 1 pg/mL LPS, for
24 h. Cellular proteins were extracted using RIPA lysis buffer supple-
mented with 1 % protease inhibitors and 1 % phosphatase inhibitors.
Following the determination of protein concentration, the proteins were
separated using 10 % SDS-PAGE and subsequently transferred to a PVDF
membrane. The membrane was blocked with 5 % bovine serum albumin
for 2 h at room temperature before being incubated overnight at 4 °C
with primary antibodies (p-P65, P65, p-IkBa, IkBa, and GAPDH). After
washing with TBST, the membrane was incubated with secondary an-
tibodies for 2 h at room temperature. Finally, the blots were imaged
using an Alliance MINI HD 9 imaging system (UVItec Limited, Cam-
bridge, UK).

2.11.5. Data processing and analysis

Statistical analysis and graphing of data were conducted using
GraphPad Prism 8.0. The data are presented as mean + standard devi-
ation (SD), and the experimental results were assessed for significance
using one-way ANOVA. P < 0.05 is considered statistically significant.
3. Results and discussion

3.1. Extraction and purification

The crude polysaccharides PKP40, PKP60 and PKP80 were extracted
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Table 1
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Purification yields, molecular weight and molecular weight distribution of PKP-1, PKP-2 and PKP-3.

Samples  Dry weight Purification yield Weight-average molecular weight (Mw, Number-average molecular weight (Mn, Polydispersity index (Mw/
(mg) (%) Da) Da) Mn)

PKP-1 779.08 16.0 3137 2375 1.32

PKP-2 314.47 10.7 5341 3014 1.77

PKP-3 8604.8 85.6 3755 2684 1.40
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Fig. 1. Molecular weights, monosaccharide composition, UV-visible spectra and FT-IR spectra of PKP-1, PKP-2 and PKP-3. (A) HPGPC diagrams and molecular
weight distributions of polysaccharides; (B) UV-visible spectra; (C) FT-IR spectra; (D) HPLC-DAD diagrams of standard monosaccharides and sample polysaccharides;

(E) HPLC-RID diagrams of standard monosaccharides and sample polysaccharides.

from P. kingianum using hot water extraction and ethanol fractionation
precipitation methods (Fig. S2). The extraction yields of three crude
polysaccharides were 2.2 %, 1.4 % and 15.6 %, respectively (Table S1).
PKP40, PKP60 and PKP80 were further purified using DEAE-52 and
Sephadex G-75 columns to obtain three purified polysaccharides, PKP-1,
PKP-2 and PKP-3. Purification yields of refined polysaccharides were
16.0 %, 10 % and 85.7 %, respectively (Table 1). The HPGPC profiles of
the three purified polysaccharides showed single peaks and symmetry,
indicating that all the three polysaccharides are relatively homogeneous
polymers.

3.2. Molecular weight and molecular weight distribution

The weight-average molecular weight (Mw), number-average mo-
lecular weight (Mn) and polydispersity index (Mw/Mn) of purified
polysaccharides were calculated using GPC software (Table 1). The
distribution curve for the molecular weight was illustrated in Fig. 1A.
The polydispersity index (PDI, Mw/Mn) serves as an indicator of the
molecular weight distribution of polysaccharides, a lower value suggests
a more concentrated distribution. The HPGPC diagrams, along with the
PDI and molecular weight distribution curves for the three purified
polysaccharides, indicate their high purity and homogeneity.
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Table 2
GC-MS signal attribution of methylation products of PKP-1, PKP-2 and PKP-3.

Samples  Type of Retention time Molar Mass fragments (m/z)
linkages (min) ratios

PKP-1 Terminal 19.938 9.04 87, 101, 129, 145,
Fruf 162, 205
2,6-Linked 22.637 1.47 87,129, 146, 162,
Fruf 189, 206, 233
1,2-Linked 22.793 12.53 87,101, 129, 145,
Fruf 161, 190, 234
1,6-Linked 23.466 1.00 87,102, 118, 129,
Glep 162, 189, 233
1,2,6-Linked 25.302 3.02 87,99, 129, 190, 234
Fruf

PKP-2 Terminal 19.952 6.56 87,101, 129, 145,
Fruf 162, 205
2,6-Linked 22.647 0.82 87,129, 146, 162,
Fruf 189, 206, 233
1,2-Linked 22.784 6.01 87,101, 129, 145,
Fruf 161, 190, 234
1,4-Linked 22.984 0.30 87,99,118,129, 162,
Glep 173, 233
1,6-Linked 23.488 1.00 87,102, 118, 129,
Glep 162, 189, 233
1,2,6-Linked 25.296 1.10 87,99, 129, 190, 234
Fruf

PKP-3 Terminal 19.900 4.93 87,101, 129, 145,
Fruf 162, 205
2,6-Linked 22.624 2.42 87,129, 146, 162,
Fruf 189, 206, 233
1,2-Linked 22.744 11.49 87,101, 129, 145,
Fruf 161, 190, 234
1,6-Linked 23.448 1.00 87,102, 118, 129,
Glep 162, 189, 233
1,2,6-Linked 25.290 4.07 87, 99, 129, 190, 234
Fruf

3.3. UV- visible and FT-IR spectra analysis

The UV-visible spectra of PKP-1, PKP-2 and PKP-3 are depicted in
Fig. 1B, no obvious absorptions at 260 nm and 280 nm were observed,
indicating that no nucleic acids or proteins were presented in the
polysaccharide samples.

The FT-IR spectra was used to analyze the main functional groups
and configurations of polysaccharides. As shown in the Fig. 1C, taking
the PKP-2 as an example, the broad and intense peak at 3431 cm ™' was
ascribed to the O—H stretching vibration. The peak at 2931 cm ™! was
attributed to the stretching vibration of C—H in the sugar ring [13]. The
characteristic absorption peak at 1638 cm™! was probably due to the
associated water [14]. The peak at 1424 cm ! was attributed to the
bending vibration of C—H. The prominent peaks at 1032 cm™* and
1127 cm™! were ascribed a pyranose form of polysaccharides [15]. The
signal at 935 cm ! and 811 cm ™! were assigned to the p-type glycosidic
linkages [16,17]. In addition, PKP-2showed absorption peaks at 1735
cm™! and 1251 em ™! attributed to the C=0 stretching vibration and the
C—O stretching vibration in the O-acetyl group, respectively [18,19],
indicating the presence of acetyl groups, where PKP-2 was different from
other polysaccharides.

3.4. Monosaccharide composition analysis

The monosaccharide compositions of PKP-1, PKP-2 and PKP-3 were
determined by PMP pre-column derivatization method (Fig. 1D), and by
direct analysis after acid hydrolysis (Fig. 1E). Fig. 1D displayed the
HPLC profiles of nine mixed standard monosaccharides: mannose,
rhamnose, gluconic acid, galacturonic acid, glucose, galactose, xylose,
arabinose, and fucose. In addition, all of polysaccharides contain major
glucose and a small amount of mannose by contrasting the retention
time of standard monosaccharides. The HPLC profiles for the three
polysaccharides revealed a high peak for fructose and a low peak for
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glucose (Fig. 1E), and mannose was not identified on the profile due to
its low content. The peak area ratios of fructose to glucose in PKP-1,
PKP-2, and PKP-3 were 10.91: 1.00, 11.29: 1.00, and 19.08: 1.00,
respectively. The results suggested that these polysaccharides may be
classified as fructans.

3.5. Methylation and GC-MS analysis

Methylation analysis is pivotal in determining the type of poly-
saccharide linkage. The total ion chromatogram (TIC) profiles of
partially methylated alditol acetates (PMAAs) of purified poly-
saccharides were illustrated in Fig. S3. Compared the GC-EIMS database
of PMAAs (Complex Carbohydrate Research Center, University of
Georgia) and the acquired mass spectra, the connection types, molar
ratios, and main fragments were shown in Table 2.The ion chromato-
graphic peaks of all polysaccharides were identified as Terminal Fruf,
2,6-Linked Fruf, 1,2-Linked Fruf, 1,6-Linked Glcp and 1,2,6-Linked Fruf
(Fig. S3). Furthermore, the peak of PKP-2 in the ion chromatography
was identified as having one additional peak compared to the others,
which is identified as 1,4-Linked Glcp.

Because it is difficult to obtain a standard for each monosaccharide
derivative, it is not possible to accurately determine the ratio of each
linkage [20]. However, the result indicated that the polysaccharides
have the most 2,1-linked Fruf fragments, which may form the backbone
of the polysaccharides. These structures could be confirmed by the
following NMR analysis.

3.6. NMR spectra analysis

NMR spectral analysis is one of the most useful techniques for
identifying polysaccharide structures. It is primarily utilized in the
characterization of polysaccharides, encompassing heteromeric config-
urations (a- or B-), as well as the types and sequences of glycosidic bonds
[21]. Thus, we further used NMR technology to analyze these poly-
saccharides. Their 1D and 2D NMR spectra were shown in Figs. 2-3, and
Figs. S4-S5. Their 'H and '3C NMR chemical shifts were presented in
Table 3.

3.6.1. NMR spectra analysis of PKP-1 and PKP-3

In the 1D NMR spectra, one anomeric proton signal (6y 5.42) and
four anomeric carbon signals (approximately §¢ 106.0-107.0) indicated
that they might be a typical fructan [22,23] (Fig. 2A and B), and the
absence of a characteristic signal at the 106.0-107.0 ppm anomeric
carbon region on the DEPT-135 spectra (Fig. S4E—F), indicating that
this region is a quaternary carbon signal [24,25]. In addition, these
carbon signals do not have cross peaks in the HSQC spectrum and also
conform to the characteristics of fructose residues.

Based on literature reports [26] and combined with methylation
analysis results (Table 2), it was inferred that these four carbon signals
(6¢ 106.72, 106.88, 106.57 and 106.10) should belong to the C-2 signal
of p-D-Fruf-(2—, 6)-p-D-Fruf-(2—, —1)-p-D-Fruf-(2— and —1,6)-p-D-
Fruf-(2—, designated as A, B, C and D, respectively. The remaining
anomeric carbon signal (5¢ 95.04) should be attributed to the other
sugar residue and marked as E.

For residues A-D, the 'H and the corresponding '3C signals were
assigned by COSY, HSQC, HSQC-TOCSY and DEPT-135° spectra
(Fig. 2C, D, Fig. S4). According to the previous reports [27] and the
results of methylation analysis, residues A, B, C and D could be inferred
as p-D-Fruf-(2—, —6)-p-D-Fruf-(2—, —1)-B-D-Fruf-(2— and —1,6)-p-D-
Fruf-(2—, respectively.

For residue E, the weak anomeric signals at 6y 5.42 and 5¢ 95.04
corresponded to a sugar residue with relatively low content, demon-
strating that residue E was a-configuration. Other the 'H and the cor-
responding 13C signals were assigned by COSY and HSQC spectra,
respectively. According to the previous reports [8] and the results of
methylation analysis, it could be inferred that residue E was —6)-a-D-
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Fig. 2. The NMR spectra of PKP-1 and PKP-3. (A) 'H NMR of PKP-1 and PKP-3; (B) '3C NMR of PKP-1 and PKP-3; (C) *H—'3C HSQC-TOCSY of PKP-1; (D) 'H—'3C

HSQC-TOCSY of PKP-3; (E) 'H—'3C HMBC of PKP-1; (F) 'H—'3C HMBC of PKP-3.

The A (grayish blue), B (purple), C (orange), D (magenta) and E (black) represent

B-D-Fruf-(2—, —6)-p-D-Fruf-(2—, —1)-p-D-Fruf-(2—, —1,6)-p-D-Fruf-(2 — and —6)-a-D-Glcp-(1-, respectively. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Glep-(1-.

In 'H—'3C HMBC spectra (Fig. 2E and F), cross peaks were found
between H-6/6' of residue E (3.83/3.76 ppm) and C-2 of residue A
(106.72 ppm); H-1 of residue E (5.42 ppm) and C-2 of residue D (106.10
ppm); H-1 of residue C (3.77 ppm) and C-2 of its own (106.57 ppm); H-1'
of residue D (3.72 ppm) and C-2 of residue C (106.57 ppm). These sig-
nals formed the main chains of PKP-1 and PKP-3. The cross peaks be-
tween H-6' of residue D (3.65 ppm) and C-2 of residue A (106.72 ppm),
indicated that residue A is linked to residue D at the O-6 position. The
cross peaks between H-6' of residue D (3.65 ppm) and C-2 of residue B
(106.88 ppm), indicated that residue B is linked to residue D at the O-6
position. The cross peaks between H-6 of residue B (3.95 ppm) and C-2
of residue A (106.72 ppm), indicated that residue A is linked to residue B
at the O-6 position. The proposed chemical structures of PKP-1 and PKP-
3 were shown in Fig. 4A.

3.6.2. NMR spectra analysis of PKP-2

The 1D (*H and '3C) NMR, HSQC, and DEPT-135° spectra of PKP-2
were shown in Fig. 3.In the 1D NMR spectra of PKP-2, it could be seen
that 'H and 13C NMR data are familiar with those of PKP-1 (Fig. 3A and
B). According to COSY and HSQC spectra, the chemical shifts of 'H and
13¢ of the residues A, B, C, D and E are similar to those of PKP-1, indi-
cating that PKP-2 is still a fructan.

The 'H NMR spectra of PKP-2 at 2.12-2.19 ppm and the 1°C NMR
spectra of PKP-2 at 22.91-23.41 ppm and 175.58-176.81 ppm infer that
PKP-2 contains acetyl groups and that the acetyl groups are substituted
at different positions [28], where PKP-2 differs from PKP-1. In HSQC
spectrum, the anomeric region signals 4.77/103.27 ppm, 4.95/102.12
ppm and 4.83/102.66 ppm were attributed to the mannose residue,
additionally the cross-peak signals 4.53/4.28/65.89 ppm also belonged
to the H6/C6 position of the mannose residue [29,30], marked as G, H, I
and J. 4.50/105.64 ppm was marked as F (Fig. 3C).

Other the 'H and the corresponding *3C signals of the residues F, G,
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H, I and J were assigned by COSY and HSQC spectra. Due to their
relatively low content, the signals could not be completely found. Ac-
cording to the previous reports [31] and the results of monosaccharide
composition analysis and methylation analysis, they could be inferred as
—4)--D-Glep-(1-», —4)-p-D-Manp-(1—, —4)-2-O-acetyl-p-D-Manp-
(1-, —4)-3-O-acetyl-p-D-Manp-(1-» and —4)-6-O-acetyl-f-D-Manp-
(1—. In HMBC spectrum, due to the low content of mannose (Fig. 1), no
connection signal with the sugar chain was found, several speculated
structures were shown in Figs. 5B. According to the biosynthetic
pathway of fructan [32], the three P. kingianum fructans may belong to
Graminans series. Therefore, it was speculated that mannose residues
are connected to side chains.

These P. kingianum polysaccharides all belong to fructans, and their
differences displayed that PKP-2 contains acetyl groups. Based on the
integral ratio between the anomeric protons in the a-pyranose residues
and the non-overlapping proton signals of H-3 or H-4 of the p-fructo-
furanose residues, the glucose content of PKP-1 is relatively high
(Fig. S6), which was consistent with the results of monosaccharide
composition analysis (Fig. 1D). Our research group isolated an agavin
fructan from P. cyrtonema Hua previously [8]. In this work, we found a
new type of fructan PKP-2 (with acetyl substitution) from P. kingianum.
Thus the structural differences of fructans may be depended on their
species.

3.7. SEM analysis

The surface topography and structure of a polysaccharide may be
influenced by different methods of extraction, purification and

preparation [33]. SEM of the three polysaccharides were shown in
Fig. S7. The results revealed that PKP-1 has a flat and smooth surface as
well as a porous structure and has distinct pores with a diameter of 8-10
pm. For the samples containing acetyl groups, a significant difference
between them can be observed. Fig. S7B illustrates that PKP-2 has a
rough surface and PKP-2 exhibits irregular particles with tile-like
granules, which is consistent with polysaccharides obtained from Ino-
notus obliquus [34]. For Fig. S7C, the absence of acetyl groups and low
glucose content in sample PKP-3, the sample appears as unevenly sized
fragments with no uniform void structure, suggesting that the glucose
content plays a role in the integrity and smoothness of the
polysaccharide.

3.8. Thermal characterization

TG plots (Fig. 5) showed the thermal stability and decomposition
behavior of three different polysaccharides. The TG curve of PKP-1
started to deviate from 100 % mass around 200 °C, indicating that
some form of thermal event, either dehydration or volatilization of low
molecular weight constituents, started to occur at this temperature [35].
The mass loss continued to stabilize, indicating that the rate of decom-
position remains constant as the temperature increases. At roughly
600 °C the curve plateaued and approached a more stable mass per-
centage, implying that most of the combustible polysaccharide had been
depleted, leaving behind a more thermally stable substance, potentially
coke. PKP-3 had the lowest mass loss after 300 °C, indicating the highest
onset temperature thermal stability of the three samples. This also
implied that PKP-2 and PKP-3 contain more thermally stable
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Table 3
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1H and '3C NMR chemical shifts of polysaccharides PKP-1, PKP-2 and PKP-3 (§ in ppm, J in Hz, in D,0).

&
HO: 0,
HO RO-

-OH

HO

HO 0
Ho o PG5
A
oH
o
HO HoHO o
HO

HO o]

duction of acetyl groups (e.g. PKP-2) will increase the hydrophobicity of
the molecule. This can reduce the interaction between polymers and
water, thereby potentially improving thermal stability and altering

Samples Monosaccharide units Chemical shifts (ppm)
H1/H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/H6'/C6
PKP-1 A p-D-Fruf-(2— 3.84/3.65 / 4.19 4.12 3.86 3.84/3.77
62.84 106.72 79.41 77.55 83.94 65.05
B —6)-p-D-Fruf-(2— 3.83/3.69 / 4.20 4.07 3.95 3.95/3.58
63.04 106.88 79.47 77.81 83.13 66.03
C —1)-p-D-Fruf-(2— 3.77/3.69 / 4.19 4.11 3.87 3.84/3.77
63.35 106.57 79.64 77.26 83.98 65.17
D —1,6)-p-D-Fruf-(2— 3.90/3.72 / 4.24 4.10 3.87 3.73/3.65
63.67 106.10 79.90 77.40 84.08 65.43
E —6)-0-D-Glep-(1— 5.42 3.57 3.77 3.48 3.95 3.83/3.76
95.04 73.89 75.32 72.02 74.45 66.17
PKP-2 A B-D-Fruf-(2— 3.84/3.65 / 4.19 412 3.86 3.84/3.77
62.84 106.72 79.41 77.55 83.94 65.05
B —6)-p-D-Fruf-(2— 3.83/3.69 / 4.20 4.07 3.95 3.95/3.58
63.04 106.88 79.47 77.81 83.13 66.03
C —1)-p-D-Fruf-(2— 3.77/3.69 / 4.19 4.11 3.87 3.84/3.77
63.35 106.57 79.64 77.26 83.98 65.17
D —1,6)-p-D-Fruf-(2— 3.90/3.72 / 4.24 4.10 3.87 3.73/3.65
63.67 106.10 79.90 77.40 84.08 65.43
E —6)-a-D-Glep-(1— 5.42 3.57 3.77 3.48 3.95 3.83/3.76
95.04 73.89 75.32 72.02 74.45 66.17
F —4)--D-Glep-(1— 4.50 3.37 3.69 3.71 3.63 ND/ND
105.64 75.71 76.74 81.30 77.84 62.77
G —4)-p-D-Manp-(1— 4.77 413 3.81 3.84 3.49 ND/ND
103.27 72.79 74.28 79.88 77.84 62.77
H —4)-2-O-acetyl-p-D-Manp-(1— 4.95 5.52 4.02 3.86 3.64 ND/ND
102.12 74.30 72.93 79.94 77.98 62.77
I —»4)-3-O-acetyl-p-D-Manp-(1— 4.83 4.21 5.11 ND ND ND/ND
102.66 71.47 76.38 ND ND 62.77
J —4)-6-O-acetyl-p-D-Manp-(1— ND ND ND ND ND 4.53/4.28
ND ND ND ND ND 65.89
PKP-3 A p-D-Fruf-(2— 3.84/3.65 / 4.19 4.12 3.86 3.84/3.77
62.84 106.72 79.41 77.55 83.94 65.05
B —6)-p-D-Fruf-(2— 3.83/3.69 / 4.20 4.07 3.95 3.95/3.58
63.04 106.88 79.47 77.81 83.13 66.03
C —1)-p-D-Fruf-(2— 3.77/3.69 / 4.19 4.11 3.87 3.84/3.77
63.35 106.57 79.64 77.26 83.98 65.17
D —1,6)--D-Fruf-(2— 3.90/3.72 / 4.24 4.10 3.87 3.73/3.65
63.67 106.10 79.90 77.40 84.08 65.43
E —6)-a-D-Glep-(1— 5.42 3.57 3.77 3.48 3.95 3.83/3.76
95.04 73.89 75.32 72.02 74.45 66.17
* ND, not determined.
olysaccharides at different temperatures. Three samples were observed
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Fig. 4. Proposed chemical structures of three polysaccharides from Polygo-
natum kingianum. (A) The chemical structures of PKP-1 and PKP-3; (B) The
chemical structures of PKP-2.

components such as acetyl groups and high molecular weight sugars
[36].
The DSC plots showed the heat flow changes of the P. kingianum

melting behavior [38]. Based on these two sets of data, it could be
concluded that these polysaccharides have good thermal stability below
200 °C.

3.9. Rheological properties

All the three polysaccharides demonstrated high viscosity in the low
shear rate region (Fig. 6A), with a significant decrease in viscosity
correlating to an increase in shear rate. This phenomenon indicates that
these polysaccharides exhibit shear thinning characteristics, which is a
typical behavior of non-Newtonian fluids [39]. This means that under
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Fig. 6. Rheological properties of three polysaccharides. (A) apparent viscosity; (B) the storage modulus (G) and loss modulus (G") of PKP-1; (C) the storage modulus
(G) and loss modulus (G") of PKP-2; (D) the storage modulus (G') and loss modulus (G") of PKP-3.

conditions of high shear forces, such as during mixing or coating pro-
cesses, these polysaccharides are likely to flow more easily. In the low
shear rate region (1071-10° s7!), the viscosity of the three poly-
saccharides is similar, potentially suggesting similar molecular struc-
tures or compositions and fluidity when not subjected to substantial
external forces. As the shear rate escalates, the three curves begin to
separate. PKP-1 exhibits the fastest decrease in viscosity at moderate
shear rates (100—101 s’l), while PKP-3 exhibits a slower decrease in
viscosity at higher shear rates. The decrease in viscosity of PKP-2 across
the entire shear rate range seems to be between PKP-1 and PKP-3. At
extremely high shear rates (10'-10% s71), the viscosity of all poly-
saccharides tends to be lower and similar, indicating that under extreme
conditions, these polysaccharides may exhibit similar fluidity.
Dynamic rheological measurements underscore that the storage (G

and loss (G") moduli of all polysaccharide solutions tested increased in a
frequency-dependent manner, characteristic of macromolecular systems
[40]. The observed intersections of G’ and G" across samples reflect a
transition indicative of viscoelastic behavior-from a solid-like state at
lower frequencies, where molecular chains can easily reorient, to a
liquid-like state at higher frequencies, marked by the emergence of
temporary networks [41]. Following the crossover point, molecular
chains are impeded from unraveling during brief oscillations. This
entanglement serves as a temporary cross-linking region at elevated
frequencies, thereby manifesting the solid-like characteristics of visco-
elastic materials, where the storage modulus (G') surpasses the loss
modulus (G") [36]. This transition is delayed in PKP-3 due to its lower
polysaccharide concentration which prevents extensive cross-linking
[421.
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Fig. 7. Effects of the Polygonatum kingianum polysaccharides on activation of RAW264.7 macrophages. (A) Effects of these polysaccharides on the viability of
RAW264.7 cells; (B) NO secretion levels; (C) IL-6 secretion levels; (D) TNF-a secretion levels. Data were presented as mean + SD (n = 3). *P < 0.05, **P < 0.01, ***P

< 0.001 vs. the control group.

We had delved into the rheological properties and microstructure of
three samples, which is crucial for understanding their potential appli-
cations in the food industry. By analyzing the rheological behavior of
these samples in detail, we can reveal their key roles in syrup production
and edible film manufacturing processes.

3.10. Immunomodulatory activity in vitro

3.10.1. Effects of polysaccharides on RAW264.7 cells viability

The effects of P. kingianum polysaccharides on the viability of
RAW264.7 cells were assessed using the CCK-8 method. RAW264.7 cells
were incubated with different concentrations (50, 150, and 450 pg/mL)
of these polysaccharides for 24 h. As shown in Fig. 7A, the three poly-
saccharides had no significant inhibitory effect on the proliferation of
RAW264.7 cells, while PKP-1 (450 pg/mL) and PKP-2 (150 pg/mL and
450 pg/mL) could significantly promote the proliferation of RAW264.7
cells (P < 0.001).

3.10.2. Effects of polysaccharides on NO production

Macrophages, as the primary innate immune cells, can not only
contribute to chronic inflammation but also to inhibit the development
of cancer through the secretion of various factors and the modulation of
other immune cells [43]. The production of nitric oxide (NO) by acti-
vated macrophages plays a crucial role in combating infectious and in-
flammatory diseases. The NO produced by macrophage activation is
crucial in combating infectious and inflammatory diseases [44]. As
shown in Fig. 7B, compared with the blank control group, LPS, PKP-1
(150 pg/mL and 450 pg/mL) and PKP-2 (150 pg/mL and 450 pg/mL)
treatments were able to significantly promote the production of NO by
RAW264.7 cells (P < 0.001) in a dose-dependent manner, while PKP-3
(50 pg/mL, 150 pg/mL and 450 pg/mL) could not promote the NO
secretion by RAW264.7 cells.

10

3.10.3. Effects of polysaccharides on cytokines secretion

Cytokines have powerful immunomodulatory effects that are critical
to physiology and pathology in human [45]. To further elucidate the
immunomodulatory activities of these P. kingianum polysaccharides, IL-
6 and TNF-o contents in the supernatants of polysaccharides were
measured by the ELISA method. Compared with the control group, the
secretion of IL-6 and TNF-o was promoted in a dose-dependent manner
after treatment with PKP-1 and PKP-2 (Fig. 7C-D) and was significantly
promoted at 150 pg/mL and 450 pg/mL concentrations (P < 0.001).
However, no significant differences were observed in IL-6 production
under 50 pg/mL PKP-1 and PKP-2 treatments (Fig. 7C). In contrast, PKP-
3 (50 pg/mL, 150 pg/mL, and 450 pg/mL) could not promote the
secretion of IL-6 and TNF-a. These results suggested that PKP-1 and PKP-
2 participate in the immune response by activating macrophages,
showing potential immunomodulatory activities. Compared with
chemical structures of these polysaccharides (Fig. 1 and Fig. 4), PKP-1
and PKP-2 have immunomodulatory effects on RAW 264.7 macro-
phages, including promoting cytokine and NO release, which may be
attributed to their higher ratios of glucose to fructose and acetyl sub-
stitution in polysaccharides [6,51].

3.10.4. Effects of polysaccharides on the activation of NF-xB pathway
Nuclear factor-kB (NF-kB) is a crucial class of transcription factors
that regulates the survival, activation, and differentiation of innate im-
mune cells and inflammatory T cells [46]. The NF-kB transcription factor
family comprises five members: NF-kB1 (p50), NF-xB2 (p52), p65
(RELA), RelB, and c-Rel, which mediate NF-kB activity by forming
homo- or hetero- dimers. The transcription of target genes is guided by
these dimers, with p65/p50 being the most prevalent dimerized form
[47,48]. In inactivated cells, IkB binds to NF-kB, sequestering it in the
cytoplasm in an inactive form and thereby preventing NF-xB from
entering the nucleus. Upon activation, IkBa is phosphorylated by the IkB
kinase (IKK) complex, subsequently ubiquitinated, and degraded via the



N. Chen et al.

p-P65 ‘ -----------‘BSkDa

Pss‘-------“--- ‘GSkDa

GAPDH \M\ 37 kDa

p-lKBa“ L e gy @D o —— .._‘39kDa

(KB | o o ] 10 kD

GAPDH M-_--‘ 37 kDa

]
\? %Q \(,’Q @Q ‘)Q \(,’Q b‘f’g %Q \g,Q g,e

o
&
&
[$)

PKP-1 PKP-2 PKP-3

pg/mL

International Journal of Biological Macromolecules 279 (2024) 135406

B 5 25
]
0 Tk
° 20
o~
%58 Kk
2815 .
28
Sa 1.0
e
S o5
s
& 0.0 T LI LI LI
&,\o\ & OO S0P S Hg/mL
PKP-1 PKP2 PKP-3
c 1.00

e
9
a

*

(p-IkBa/lkBa)
=]
3

e
N
@

s
*kk|

*
T T L LI

T T T
> DD ® DD D DS /mL
L DO OB S M9
00

Relative Protein Expression

I
o
=3

PKP-1  PKP-2 PKP-3
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0.05, **P < 0.01, ***P < 0.001 vs. the control group.

proteasome-dependent pathway, which releases NF-kB into the nucleus
to activate the transcription of target genes [49,50]. To investigate
whether these polysaccharides exert immunomodulatory effects by
activating the NF-xB pathway, Western blot analysis was employed to
assess the protein and phosphorylation levels of p65 and IkBa in the NF-
kB pathway. As shown in Fig. 8A-C, the phosphorylation levels of p65
and IkBa were significantly elevated following treatment with LPS, PKP-
1 (450 pg/mL), and PKP-2 (450 pg/mL) compared with the control
group. In contrast, PKP-3 treatment did not produce a significant effect
on the phosphorylation levels of p65 and IkBa. These findings indicate
that PKP-1 and PKP-2 can activate the NF-kB signaling pathway by
enhancing the phosphorylation of p65 and IkBa in RAW264.7 cells,
which subsequently lead to increase secretion of NO, TNF-a, and IL-6,
thereby exerting an immunoregulatory effect.

4. Conclusion

Three types of polysaccharides were isolated and purified from
P. kingianum, including PKP-1, PKP-2, and PKP-3. By molecular weight
measurement, monosaccharide composition analysis, methylation
analysis and NMR analysis, it was found that PKP-1 has a higher glucose
content, while PKP-2 contains acetyl groups. The three polysaccharides
are all fructans belonging to Graminans series, and their structures lead
to differences in surface morphology, thermal stability, rheological
properties and immunomodulatory activity. SEM revealed significant
differences in the surface morphology of the three polysaccharides. The
results of thermal characterization showed that all three types of poly-
saccharides have high thermal stability. Rheological property analysis
results showed that all three polysaccharides are typical shear-thinning
fluids. Furthermore, the RAW264.7 macrophage assays indicated that
PKP-1 and PKP-2 exhibited significant immunomodulatory activity,
because they significantly enhanced the secretion of NO, TNF-a, and IL-6
by promoting the phosphorylation of P65 and IkB-a, and thereby acti-
vating the NF-kB signaling pathway. In contrast, PKP-3 did not possess
this immunomodulatory activity. These findings suggested that PKP-1
and PKP-2 could be used as potential immunomodulatory dietary
supplements.
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