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KEYWORDS Abstract Remarkably, nanomaterials can interact with the cells of immune system and either
Vinegar-baked Radix enhance or inhibit its function in many ways. Unfortunately, such valuable information has been
Bupleuri; overlooked in studies of polysaccharide immune activity. This study isolated a nano-
Polysaccharide; polysaccharide from vinegar-baked Radix Bupleuri by membrane separation system, DEAE-52
Nanoparticle; and Sephadex-G200. The physicochemical characterization and immunoregulatory activity were
Structure; studied through DLS, Congo red, Scanning Electron Microscope, UV-Vis, HPGPC, FT-IR,
Immune-enhance Methylation, NMR, MTT, neutral red and enzyme linked immunosorbent assay. Results showed

that VBCP2.5 was an acidic polysaccharide with a molecular weight of 674 kDa. Its monosaccha-
rides composed of mannose, rhamnose, galacturonic acid, glucose, galactose and arabinose at a
molar ratio of 1.72: 9.59: 57.63: 5.37: 6.71: 18.99. VBCP2.5 possessed micelle forming ability at
52.574 pg/mL and flexible chain conformation, as well as with a small size distribution ~
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84.99 nm and positive charge in stimulated blood fluid and different from that in deionized water.
The microtopography was characterized by irregular lamellar, dendritic, cylindrical or spherical
aggregates, with folds and cracks on the surface. Structure analyses showed that VBCP2.5 charac-
terized by high proportion of 1,4 linked-a-D-GalpA and a small fraction of RG-I, some other gly-
cosidic linkages included 1,5 linked-a-L-Araf, 1,3,5 linked-o-L-Araf, 1,3,4 linked-Galp, 1,4,6 linked-
Manp, t-o-L-Araf, t-B-D-Glcp and t-0-D-Galp were also comprised. VBCP2.5 exhibited
immunomodulatory potential which included the promotion of phagocytosis, the release of NO
and the secretion of TNF-a and IL-6 of RAW264.7 cells. The possible activation of macrophages
by VBCP2.5 may be mediated through endocytosis pathway. Small size, positive charge, shape and
flexible conformation may accelerate this process. The information gathered here could lead to new
platform for comprehensive understand included primary structure, properties of nanoscale, and
correlation with immunoregulation of polysaccharides.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As we all know, the immune system protects the host from a
variety of pathogenic microorganisms (Parkin and Cohen,
2001). Various diseases and treatments are major causes of
immunocompromise (Cant and Cole, 2010). Immunocompro-
mised and immunosuppressive individuals are more sensitive
to infection (Weber and Rutala, 2003). There are myriad
examples that underscore the gravity of the impact infectious
diseases have had on humans such as the black death, small-
pox, measles, diarrhoeal disease, influenza and other devastat-
ing infectious diseases (Toamih et al., 2018). All these cause
various forms of disabilities and death especially in developing
nations, afflicting more than one billion people and costing
developing nations billions of dollars year after year, besides
incalculable wounds inflicted on the sufferers (Nii-Trebi,
2017). It is estimated that at least 25% of about 60 million
deaths each year are due to infectious diseases worldwide
(Fauci et al., 2005). Immunopotentiators can regulate the
immune function and are often used in the prevention and
treatment of infectious diseases (Medina, 2016). Clinical com-
monly used immunopotentiators include thymosin, interferon,
colony-stimulating factor, interleukin, pitomodulate, transfer
factors, bacterial agents and others (Fang-bo et al., 2017).
But there are some adverse reactions such as rash, nausea,
vomiting, headache, dizziness and so on (Lihong, 2015).

Nanomedicine is traditionally wused to describe a
1 ~ 1000 nm sized drug delivery systems, which was widely
used in various diseases. The use of nanomaterials themselves
to active immune response is an area that has recently sparked
significant interest (Lasola et al., 2020). Nanoparticles are usu-
ally easily recognized as foreigners from body by macrophages,
triggering an immune response. Composition, shape, size, and
physicochemical properties of the nanomaterials play critical
roles in influencing the immune system response. They can
interact with the cells of the immune system in many different
ways (Toma et al., 2018). However, engineered nanoparticles
may induce inflammation and immunotoxicity (Khan et al.,
2019).

Polysaccharides are biopolymers which characterized by
good biocompatibility, non-toxicity, hydrophily and
biodegradability, making them more preferred as ideal bioma-
terials for the synthesis of nanoparticles (Liu et al., 2008).
Beyond that, polysaccharides possess broad bioactivities and

are more suitable candidates for good medicines (Xie et al.,
2016). Unfortunately, most studies focus their research either
on the application of polysaccharides as biomaterials or their
bioactivity and primary structure as drug (Zhao et al., 2020).
The correlation between their inherent immunostimulatory
activity and nano-properties of polysaccharides are generally
lacking. Furthermore, with the development of molecular biol-
ogy, the scientific community has gradually realized that
polysaccharides, together with proteins and polynucleotides,
are extremely important biomacromolecules. They display
properties that cannot only be attributed to the monomers
but are also associated with their complex secondary and ter-
tiary structure (Torres et al., 2019). It’s reported that the aggre-
gation generated a more potent form with augmented response
in immune cells than soluble form (Serrano-Sevilla et al.,
2019). Therefore, it is necessary to conduct a comprehensive
study on its nano-properties, shape, conformation, structure
and bioactivity.

Traditional Chinese herbs are main source of immunostim-
ulatory polysaccharides (Wenbo et al., 2015). Radix Bupleuri
is a traditional Chinese medicine which derives from the dry
root of Bupleurum chinense DC. and Bupleurum scorzoneri-

folium Willd; has played an important role in health care and

disease treatment in many countries (Sun et al., 2019). It is
not only used to treat diseases such as abdominal pain, chest
swelling and food accumulation, but also in health care prod-
ucts, cosmetics, daily necessities industry and other fields, such
as slimming tea, health wine, ointment for dispelling nevus,
soap and health cigarette etc. (Jiang et al., 2020). Modern
pharmacology has proved that Radix Bupleuri has anti-
inflammatory and immunomodulatory effects (Feiwu et al.,
2020). Polysaccharides are main active ingredients that are
receiving more and more attention (Li et al., 2019). Previously,
it has been reported that Radix Bupleuri crude polysaccharides
could up-regulate phagocytic activity in inflammatory disease
and inhibit the production of NO and pro-inflammatory
cytokines induced by LPS (Cheng et al., 2010). Processing is
the most common method in Chinese medicine, which can
improve therapeutic effect of natural Chinese herbal medicine,
and more suitable for clinical application (Xueqin et al., 2018).

In this study, we purified a homogeneous polysaccharide
from Vinegar-baked Radix Bupleuri (VBRB) through a mem-
brane separation system, DEAE-52 and Sephadex-G200.
Nano-properties in normal and simulated physiological envi-
ronment, conformation, microtopography, structure and
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immunoregulatory activity of VBCP2.5 were studied. We aim
to provide VBCP2.5 a list of dynamic physicochemical proper-
ties in nano scale and primary structure parameters that may
have contributed to the immunoregulatory activity and made
recommendations on future studies attempting to correlate
the nano-properties of polysaccharides and the immune
responses induced.

2. Materials and methods

2.1. Materials and reagents

Vinegar-baked radix bupleuri was purchased from Kangmei
Medica Company (Guangzhou, China), and certified as gen-
uine by Wenliang Chen, deputy director of the Second Affili-
ated Hospital of Guangzhou University of Chinese Medicine.
RAW264.7 cells were purchased from China center for type
culture collection (Wuhan, China). DMEM medium, Fetal
bovine serum (FBS) and Penicillin Streptomycin were supplied
by GIBCO (USA). Nitric Oxide (NO) assay kit was purchased
from Jiancheng Bioengineering Institute (Nanjing, China).
Enzyme-linked immunosorbent assay (ELISA) kits for TNF-
o and IL-6 were purchased from Elabscience (Wuhan, China).
Thiazolyl Blue (MTT) and Dimethyl sulfoxide (DMSO) were
purchased from MP Biomedicals, LLC (France). Lipopolysac-
charide was purchased from Jingxin Biological Technology
Co., Ltd (Guangzhou, China). Monosaccharide standards
were purchased from Yuanye Biotechnology Co., Ltd (Shang-
hai, China). Dextran standards were purchased from Ameri-
can Polymers Standards Corporation (USA).

2.2. Isolation and purification of VBCP2.5

Extraction of crude polysaccharides was performed according
to the previous protocol (Zhao et al., 2020). Briefly, VBRB
powders were degreased with 70% ethanol. The crude polysac-
charides were extracted with boiling water and precipitated by
80% ethanol at 4 °C overnight. Proteins were removed by
Sevage method. The crude polysaccharides solution was fil-
tered by a membrane separation system equipped with UFP-
750-E-4MA and UFP-100-C-4MA hollow fiber columns (gen-
eral electric company, USA). The filtered sample was loaded
on a DEAE Sepharose Fast Flow column (2.6 x 80 cm), then
successively eluted with water, 0.025, 0.1, 0.2, 0.4, 0.8 and
1.0 mol/L NaCl at a rate of 5 mL/min. All fractions were col-
lected in line with measured OD values at 490 nm that repre-
sented the total carbohydrate detected by the phenol-sulfuric
acid method. The main fraction (0.4 M NaCl) referred to as
VBCP2.5 was further eluted with water on a Sephadex G-
200 column (1.6 x 90 cm) at a rate of 0.3 mL/min.

2.2.1. Ultraviolet scanning
Polysaccharide solution (500 pg/mL) was put in a quartz cuv-

ette and scanned ranging from 400 nm to 200 nm on a U-2910
ultraviolet spectrophotometer (Hitachi Hi-Tech Co, Japan).

2.2.2. Homogeneity and molecular weight distribution
Samples were analyzed by HPGPC method on an Agilent 1200

HPLC system equipped with RID detector and a TSKgel
G5000PWXL column (7.8 mm x 300 mm, Tosoh

Corporation, Japan). Deionized water was used as mobile
phase and passed through the column at a flow rate of
0.4 mL/min, and the column temperature was set as 40C.
The standard curve was established by standard dextrans
(2400 K, 820 K, 400 K, 215 K, 95 K, 50 K).

2.2.3. Compositional analysis

Carbohydrate content was determined by the phenol-sulfuric
acid method using D-galacturonic acid as a standard (Ruibin
et al., 2017). Protein content was detected according to
Pierce™ BCA Protein Assay Kit (Thermo, USA). Uronic acid
content was assessed by m-hydroxybiphenyl method (Yaping
and Hongli, 2019); and galacturonic acid was used as a stan-
dard. The endotoxin content was detected by Tachypleus
Limulus Endotoxin Testing Kit (Xiamen Bioendo Technology
Co., Ltd, China).

2.3. Micelle forming ability

The polysaccharide solution was irradiated with a laser to
observe whether the Tyndall effect occurred. 80 pl pyrene ace-
tone solution (6.0 mg/L) was put into a brown penicillin bot-
tle and volatilized with N,. VBCP2.5 solution (2, 1, 0.5, 107",
102, 1073, 10*mg/mL) was added to each bottle, the mixtures
were sonicated for 30 mins, then keep in a water bath at
60°C for 3 h, finally incubated at 40°C overnight. Fluorescence
spectra of each solution were scanned using an Infinite
M1000Pro (Tecan, Switzerland) at 25°C, the excitation wave-
length was set as 333 nm, the bandwidth was 5.0 nm and the
emission spectrum range from 350 to 450 nm. Linear regres-
sion equation was fitted according to the ratio of I; (373 nm)
to 15 (384 nm) and the logarithm of concentration.

2.4. Size and charge analysis

Samples of VBCP2.5 were dissolved in deionized water or sim-
ulated bloodfluid (DMEM medium, 10% FBS, pH~7.4), for
0 h, 1 h and 24 h, at a thermostatic incubator, to investigate
their behavior in conventional and physiological conditions.
0.8 pm of polyether sulfone filter membranes were used to
remove residues before the test. Dynamic light scattering
(DLS) experiments were performed using a Nano SizerZeter
Brookhaven Instrument (Nanobrook 90Plus PALS, USA),
operating at 640 nm. Samples were diluted in Polystyrene cell
monitored according to the manufacturer’s instructions.
Results were analyzed by soft of Particle Solutions v.3.6.07122.

2.5. Shape observation

Dried polysaccharides were fixed on a conductive adhesive and
then sputtered with gold powder. The surface characteristics
and microstructure were observed using a Hitachi SU8000 ser-
ies Scanning Electron Microscope (Tokyo, Japan) at a 5.0 KV
acceleration voltage.

2.6. Conformation in solution

The polysaccharide sample (2 mg/mL in water) was first
equally mixed with Congo red solution (0.2 mM). NaOH solu-
tion (1 M) was then added to produce a series of solutions with
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a final NaOH concentration (0 M, 0.05 M, 0.1 M, 0.15 M,
0.2 M, 0.3 M, 0.4 M). The maximum absorption wavelength
of the mixtures was determined on a U2910 UV spectropho-
tometer ranging from 200 to 800 nm (Wu et al., 2018).

2.7. Structural characterization

2.7.1. Infrared spectrum analysis

The overdried polysaccharide was recorded on an FT-IR spec-
trophotometer (Spectrum Two, PerkinElmer, USA) in a fre-

quency range of 4000-400 cm .

2.7.2. Monosaccharide composition analysis

VBCP2.5 (5 mg) was hydrolyzed with 5 mL 2 M trifluoroacetic
acid (TFA) at 110 °C for 6 h and derivatized by PMP (Zhang
et al., 2016). The derivative was analyzed on an Agilent 1260
equipped with diode array detector (DAD) and Diamonsil
C18 column (250 x 4.6 mm, 5 um). The whole process was
monitored at 254 nm and the column temperature controlled
at 30 “C. The mobile phase was composed of 50 mM phosphate
buffer solution (pH = 6.85) in a percentage of 83 and acetoni-
trile in a percentage of 17, eluted at a flow rate of 1.0 mL/min.

2.7.3. Methylation analysis

2.7.3.1. Carboxyl reduction. VBCP2.5 was reacted with N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide  hydrochloride
(EDC) at room temperature for 3 h, the pH was controlled
at 4.75 by 0.1 M HCI. And then 2 M of sodium borohydride
(NaBH,) was added slowly to the reaction mixture at room
temperature, and the reaction continued for 2 h, the pH was
controlled at 7.0 by 4 M HCI. The solution was dialyzed
(molecular weight cut-off 3.5 kd) in water for 48 h. The whole
process was repeated thrice.

2.7.3.2. Methylation. The overdried carboxyl-group reduced
samples were dissolved in 4 mL anhydrous DMSO in a
round bottom flask filled with N, and sonicated at 40 °C.
Then, a suspension of NaOH/DMSO was injected into
the solution and sonicated for 1 h under the temperature
condition betweenl8 ~ 20 °C. The methylation reaction
was initiated by the addition of 1.5 mL CHsl and lasted
for 0.5 h at room temperature. The mixture was extracted
with 2 mL CHCI; partitioned against deionized water
(3 ~ 5 mL) three times. Then the permethylated product
was pre-hydrolyzed in formic acid (88%) for 4 h and com-
pletely hydrolyzed in 2 M TFA for 6 h. The hydrolyzed
product was reduced with NaBH, for 4 h at room temper-
ature and then acetylated with acetic anhydride-pyridine
(1:1) at 95C for 1 h. Finally, the partially methylated aldi-
tol acetates (PMAAs) were analyzed by GC-MS, using an
Agilent HP-5MS capillary column (0.25 x 250 pm,
30 m). Samples were injected in a splitting ratio of 8:1
and PMAAs were separated using a temperature program
consisting of an initial isothermal period (150 °C for
2 min) followed by a linear increase (2.5 °C/min) to
250 °C (held for 20mins).

2.7.4. NMR spectroscopic analysis
VBCP2.5 (50 mg) was dissolved in 0.5 mL D,O and freeze-

dried for 3 times, then redissolved in 0.5 mL D,O and
inspected on a Bruker 600 MHz NMR spectrometer at 25C.

2.8. Immune activity assay of VBCP2.5 in RAW264.7 cells

2.8.1. Cell viability assay

RAW264.7 cells were cultured in DMEM medium containing
10% FBS and 1% Pen & Strep, kept in an incubator at 37°C
with 5% CO,. A MTT method was used to determine the cell
viability. Raw264.7 cells were seeded in 96-well plate at a den-
sity of 1 x 10* cells/well. VBCP2.5 (62.5, 31.25, 15.6 pg-mL/
mL) were added to wells and LPS (2.5 pg/mL) as control.
After stimulation for 24 h, 20 ul of MTT solution (5 mg/
mL) was added and incubated for 4 h, the supernatant was
replaced with 150 pl of DMSO. The plate was measured at
490 nm on a microplate reader (Infinite M1000Pro, Tecan
Switzerland). Viability% = OD,/0D, x 100%, where OD, is
the absorbance of the control and OD, is the absorbance of
the sample.

2.8.2. Determination of phagocytosis

The phagocytosis was measured by the uptake of neutral red
(Tang et al., 2019). Briefly, RAW264.7 cells (2 x 10*cells/well)
were seeded in 96-well plates and then stimulated with polysac-
charides for 24 h. After that, the supernatant was replaced with
100 pl of 0.1% neutral red solution and incubated for 0.5 h,
cells were washed by PBS. At last, 100 pl of cell lysis solution
(ethanol/acetic acid, 50:1, v/v) was added to each well and
incubated overnight. OD value was measured at 540 nm and
phagocytosis rate was calculated as follow equation:
Phagocytosisrate% = OD,/OD, x 100%, where “e” represents
the experiment group and ‘“‘c” represents the control group.

2.8.3. NO, TNF-o and IL-6 detection

Different concentrations of VBCP2.5 and LPS were added to
stimulate the cells for 24 h. After that, the supernatant was col-
lected for NO, TNF-a and IL-6 assay which performed
according to the instructions of Kkits.

2.9. Statistical analysis

Data were expressed as the mean + standard deviation (SD).
One-way analysis of variance was used. A p-value of <0.05
was considered statistically significant.

3. Results

3.1. Purity and chemical composition analysis

The yield of crude polysaccharides was 56.16%, polysaccha-
rides filtered by a membrane separation with a yield of
36.43%, the fraction of 0.4 M NaCl eluted through DEAE
Sepharose Fast Flow column with a yield of 60.72%, the puri-
fied polysaccharide (VBCP2.5) obtained from the Sephadex G-
200 column with a yield of 76.90% (Fig. 1A, B). The results of
UV-Vis showed that there were no obvious convex peaks at
280 nm and 260 nm, indicating that no protein or nucleic acid
in VBCP2.5 (Fig. 1D and Table. 1). As shown in Fig. 1C, the
HPGPC profiles indicated that VBCP2.5 with a relatively sin-
gle molecular feature. According to the regression equation of
dextran standards, the My, of VBCP2.5 was calculated to be
674 kDa. The carbohydrate content was 95.89% and uronic
acid content was 57.19%. The endotoxin content in sample
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Fig. 1  Isolation and purification of VBCP2.5 from vinegar-baked Radix Bupleuri and its characterization. A. Elution curve on DEAE-FF;

B. Elution curve on G200; C. HPGPC chromatogram of VBCP2.5; D. Ultraviolet scanning spectrum of VBCP2.5 (400 ~ 200 nm).

Table 1 The chemical composition of VBCP2.5.

Component Content Equation

Total carbohydrate (%) 95.89% y = 0.0014x + 0.012, r> = 0.99
Protein (%) not detected = 0.001x + 0.1146, r* = 0.996
Uronic acid (%) 57.19

Molecular weight (kDa) 674
Endotoxin (EU) 0.56 < 1.5

-7.3514Log(Mw) + 58.127, 1> = 0.99

y

y = 8.3279x-0.0087, 1> = 0.999
t

y = 1.6973x + 0.7754, 1> = 0.99

was determined by a Tachypleus Limulus Endotoxin Testing
Kit. The 5 ng/mL LPS used in the assay was equivalent to
approximately 1.09 EU/mL endotoxin. Our results show that
when the concentration of VBCP2.5 is 1000 pg/mL, the endo-
toxin content is only 0.56 EU/mL.

3.2. Tyndall effect and critical micelle concentration analysis

An obvious Tyndall phenomenon was observed in VBCP2.5
solution (Fig. 2 A) which indicated the formation of colloidal.
The critical micelle concentration experiment further proved
this (Fig. 2 B), and the critical micelle concentration was calcu-
lated as 52.574 pg/mL based on the intersection of two regres-
sion straight lines (y; = -0.4564x + 1.1821;y, = 0.002x + 1.
7685).

3.3. Particle size and potential analysis

As shown in Fig. 3, a 314.40 + 11.14 nm size of VBCP2.5 with
a polydispersity (PDI) of 0.35 + 0.02 in deionized water was
detected. After incubation 1 h at 37°C, the major size distribu-
tion was shifted to 352.60 = 4.84 nm. When the incubation
time extended to 24 h, the size mainly distributed near
byl46.40 £+ 11.08 nm with a PDI of 0.35 + 0.02. When
VBCP2.5 incubated in simulated bloodfluid (DMEM medium,

10% FBS, pH~7.4)) at 37°C for 0 h, 1 h, 24 h, it characterized
by a small and stable size of 84.99 + 3.27 nm, PDI of
0.32 £ 0.02, 83.241.53 nm, PDI of 0.33 + 0.01, and 91.27 =+
4.26 nm, PDI of 0.29 £ 0.02. Negative values of zeta potential
were measured in samples include VBCP2.5 (0 h, 1 h, 24 h in
H,0) and VBCP2.5 (0 h in simulated bloodfluid), which
recorded as —31.83 £ 9.98 mV, —28.91 + 5.36 mV, —56.82

+ 1.43 mV, —35.73 £ 13.35 mV respectively. However, in
the presence of simulated bloodfluid (1 h and 24 h of incuba-
tion), VBCP2.5 exhibited positive charges of 25.25 + 9.25 m
V and 14.53 + 0.43 mV.

3.4. Microtopography analysis

As shown in Fig. 4 A, irregular lamellar, dendritic, cylindrical
or spherical shapes were observed at 1000 times, obvious
spherical particles and closely connected particles were seen
at 15,000 times local magnification (Fig. 4 B), and obvious pro-
trusions and folds were observed at 20,000 times further mag-
nification (Fig. 4 C).

3.5. Conformation analysis

Congo red can form a complexity with polysaccharides that
have a triple-helix structure. In a certain range of NaOH con-
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Fig. 2 VBCP2.5 exhibited micellar properties but not a triple helix configuration in solution. A. Tyndall effect in water solution of
VBCP2.5, B. Critical micelle concentration curve of VBCP2.5; C. Maximum absorption wavelength of congo red solution with and
without VBCP2.5 at different concentrations of NaOH.
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Fig. 3  Size and surface chemistry characterization of VBCP2.5. A. Intensity-weighted size distribution of VBCP2.5 in H,O or simulated
bloodfluid (1 and 24 h of incubation); B. Size mean values; C. Zeta potential mean values.

centration, the maximum absorption wavelength of the com- tration increasing of NaOH at 0 ~ 0.4 mol/L, the maximum
plex is bathochromic shifted compared with that of the Congo absorption wavelengths of both Congo red and Congo
red (Zhang et al., 2017). As shown in Fig. 2 C; as the concen- red + VBCP2.5 solution gradually declined, and the trend
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A B

Fig. 4 Scanning Electron Microscopy (SEM) images of VBCP2.5 at different scales. (A. 1000x; B. 15000x; C20000 x ).

was similar. At the same time, no obvious phenomenon of
bathochromic shift was observed during the experiment, indi-
cating that VBCP2.5 did not form a complex with Congo red,
and did not have a triple-helix structure.

3.6. Structural analysis

3.6.1. FT-IR analysis

As shown in Fig. 5 A, the broad and strong characteristic peak
at 3309 cm ™! represents O-H stretching vibration, while
2948 cm~!' was attributed to C-H stretching vibration. The
1600 and 1411 cm™! bands came from carboxylate groups
(Wilson et al., 2000). The absorbance peaks at 1475-
1300 cm™" were assigned to the vibrations of C-H and repre-
sented the deformations of CH, groups. The absorbance peaks
at 1200-1000 cm ™! were assigned to the contribution of C-OH
or C-O-C stretching vibration. Near 1100-1010 cm™', three
observable absorption peaks indicated that VBCP2.5 was a
pyranose.
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3.6.2. Monosaccharide composition

The standard monosaccharides spectrum of HPLC was shown
in Fig. 5 B, serial numbers 1 to 8 respectively represented man-
nose(Man), ribose(Rib), rhamnose(Rha), glucuronic Acid
(GluA), galacturonic Acid(GalA), glucose(Glc), galactose
(Gal) and arabinose(Ara). The results showed that VBCP2.5
was composed of Man, Rha, GalA, Glc, Gal and Ara at a
molar ratio of 1.72: 9.59: 57.63: 5.37: 6.71: 18.99 (Fig. 5 D).

3.6.3. Methylation analysis

GC-MS spectrum of methylated alditol acetates was shown in
Fig. 5 C. Based on CCRC Spectral Database (https://www.
cerc.uga.edu/specdb/ms/pmaa/pframe.html), GC-MS local
mass spectra database NIST14 and related literature (Xia
et al., 2020; Padmanabhan and Shah, 2020; He et al., 2017;
Gan et al., 2020); the linkage patterns of VBCP2.5 were sum-
marized in Table. 2. As the polysaccharide had been reduced
before methylation, the residues of galacturonic acid (GalpA)
were presented as galactose residues (Galp). There were nine

2254
2004
175+

1504

mAU

125+

100

Structural characterization of VBCP2.5. A. Infrared spectrogram of VBCP2.5; B and D. HPLC profile of monosaccharide

composition (1, Man; 2, Rib; 3, Rha; 4, GIcA; 5, GalA; 6, Glc; 7, Gal; 8, Ara). C. GC-MS spectrum of methylated alditol acetates.
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Table 2 Glycosidic linkage type analysis of VBCP 2.5.
Rt (min) Methylated residues Linkage type Area percent (%) Mass fragment
(m/z)

6.57 2,3,5-tri-O-methyl-arabinitol t linked-Araf 2.16 117, 43, 129, 101, 161, 87, 71, 102
9.79 2,3-di-O-methyl-arabinitol 1,5 linked-Araf 3.29 117, 43, 129, 101, 87, 89, 99, 189

10.56 3,4-di-O-methyl-mannitol 1,2 linked-Rhap 3.85 87, 43, 202, 117, 101, 131, 216, 89, 229
11.02 2,3,4,6-tetra-O-methyl-glucitol t linked-Glcp 3.80 101, 43, 117, 161, 129, 145, 87, 205, 71
11.69 2,3,4,6-tetra-O-methyl-galactitol t linked-Galp 4.64 117, 43, 101, 129, 145, 161, 87, 205, 71
12.18 2-0-methyl-arabinitol 1,3,5 linked-Araf 3.90 117, 43, 85, 127, 99, 87, 159, 261, 58
14.13 2,3,6-tri-O-methyl-galactitol 1,4 linked-Galp 63.21 117, 43, 113, 233, 101, 99, 87, 129, 131
16.32 2,6-0O-methyl-galactitol 1,3,4 linked-Galp 2.54 117, 43, 129, 87, 143, 97, 185, 115
18.04 2,3-di-O-methyl-D-mannitol 1,4,6 linked-Manp 2.32 117, 43, 127, 101, 85, 261, 99, 87, 129

main sugar linkages in reduced VBCP2.5, including t linked-
Araf, 1,5 linked-Araf, 1,2 linked-Rhap, t linked-Glcp, t
linked-Galp, 1,3,5 linked-Araf, 1,4 linked-Galp, 1,3.4 linked-
Galp and 1,4,6 linked-Manp at an area percent of 2.16, 3.29,
3.85, 3.80, 4.64, 3.90, 63.21, 2.54, 2.32. More details about
the information for each of the derivatives identified were
shown in Fig. S1.

3.6.4. NMR analysis

The structure characteristics of VBCP2.5 were analyzed by
NMR spectra. 1D NMR spectra (‘H NMR and '°C NMR)
and 2D NMR spectra (HSQC, HMBC and 'H-'H COSY)
were shown in Fig. 6. Carbon and hydrogen signals assignment
were listed in Table. 3. In '*C NMR spectra, the signal at
0174.83 ppm indicated the presence of uronic acid, signal of
16.62 was the characteristic of C6 of Rhap (Xu et al., 2011).
In '"H NMR spectra, seven signals were observed and marked
with A-H1(4.84), B-H1(5.61), C-H1(4.93), D-H1(4.39), E-H1
(5.10), F-H1(5.03) and G-H1(4.88). In HSQC spectra, cross
peaks of B(107.28/5.61), C(106.93/4.93), A(98.95/4.84), E
(92.00/5.10), D(95.92/4.39) and G(4.88/107.45) at anomeric
region were observed. According to the proportion of
monosaccharides composition, glycosidic linkages of methyla-
tion and literature, residues of B, C, A, D, E and G were
assigned as C1/H1 of (1,5)-a-L-Araf (Cardoso et al., 2002),
t-a-L-Araf’ (Cardoso et al., 2002); (1,4)-D-GalpA (Stone
et al., 2014), t-B-D-Glcp (Wang and Guo, 2020; Zhang et al.,
2016), (1,2)-a-L-Rhap (Zhang et al., 2020) and (1,3,5)-o-L-
Araf (Zeng et al., 2020) respectively. In "H-"H COSY spectra,
correlation peaks of 4.84/3.58, 3.58/3.79 and 3.79/4.20 were
thus assigned as H1/H2, H2/H3 and H3/H4 of residue A. Sig-
nal at 4.60 was assigned as HS by a correlation peak of
4.60/174.77(H5/C6) in HMBC. Based on 'H-'H COSY, &y
at 4.39 ppm, 3.30 ppm and 3.54 ppm were assigned as HI,
H2 and H3 respectively, the corresponding carbon chemical
shifts were assigned based on HSQC spectra. Other signals
were too weak to be accurately attributed. In '"H-'"H COSY,
correlation peaks of 5.10/3.80 and 3.54/1.05 were assigned as
H1/H2 and H5/H6 of residue E. Signals of 5.03 and 3.77 were
classified as H1 and H3 of t-a-D-Galp(F) by reference (Shi
et al., 2021), and the rest signal were not fully identified due
to the low responses and overlapping signals. Signal of 4.07
was correlated with 5.61 in '"H-'"HCOSY spectra, which was
recognized as H2 of residue B. A weak correlation peak
(5.61/70.33) was observed in HBMC, which could be assigned
as HS of (1, 5)-a-L-Araf. H4 was assigned by the correlation of

H4/H5 in '"H-'"H COSY. In '*C NMR spectra, signal at
60.51 ppm was identified as C5 of a-L-Araf (Cardoso et al.,
2002), the cross peak of 3.51/60.51 was observed in HSQC,
correlation peak of 4.07/3.51 and 4.93/4.09 were attributed
to H4/H5 and H1/H2 in 'H-'H COSY. Chemical shifts at
83.71 ppm and 67.87 ppm were classified as C3 and C5 of
(1,3,5)-a-L-Araf. Other signals were assigned same as above
mentioned. The glycosidic sequences of residues were analyzed
through HMBC spectra. In HMBC, the correlation peak of
4.20/98.95(A-H4/A-C1) and 5.61/70.33(B-H1/B-C5) indicated
repeat units of 1,4 linked a-D-GalpA and 1, 5 linked-o-L-
Araf. Other weak correlation peaks 4.85/70.33(A-H1/B-C5),
4.85/81.75(A-H1/E-C2), 4.93/83.71(C-H1/G-C3) and
5.03/107.28(F-H1/B-C1) suggested that the O-1 of residue A
was linked to C-5 of residue G, the O-1 of residue A was linked
to C-2 of residue E, the O-1 of residue C was linked to C-3 of
residue G, the O-1 of residue F was linked to C-1 of residue B.

Considering the literature (Mohnen, 2008) and results of
FT-IR, monosaccharide composition, methylation and
NMR spectra analysis, possible major primary structure
of VBCP2.5 was drawn as shown in Fig. 6 F. The back-
bone of VBCP2.5 might be composed of high proportion
of 1,4 linked-o-D-GalpA and a small fraction of RG-IL
Besides, 1,5 linked-o-L-Araf as side chain attached to the
backbone, and terminal saccharides included t-o-L-Araf,
t-B-D-Glep and t-o-D-Galp.

3.7. Immunity analysis

3.7.1. VBCP2.5 exhibited nontoxic effect on RAW 264.7 cells

Macrophages play a vital role in the innate and adaptive
immunity response. Herein, the cytotoxicity effect of VBCP2.5
on macrophages was evaluated by MTT assay. As shown in
Table 4, after being treated with VBCP2.5 (62.5, 31,25,
15.63 pg/mL), the cell viabilities were 103.1%, 109.7% and
118.8% respectively. Results suggested that VBCP2.5 had no
significant suppressive effect to the viability of RAW264.7 cells
(p > 0.05) compared with the control group.

3.7.2. Effect of VBCP2.5 on the phagocytosis of RAW264.7
cells

Neutral red uptake is often used to estimate macrophage
phagocytosis. Results showed that the cells treated with 62.5,
31,25, and 15.63 pg/mL of VBCP2.5 had significantly
(p < 0.001) greater phagocytosis rates than those treated with
the control (Table 4).
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Table 3 Summary of 'H and '>*C NMR chemical shifts of VBCP2.5.

Residues H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6
(1,4)-0-D-GalpA 4.84/98.95 3.58/72.01 3.79/68.48 4.20/77.76 4.60/70.90 /174.77
(1,2)-0-L-Rhap 5.10/92.00 3.80/81.75 - - 3.54/ 1.05/16.62
t-0-D-Galp 5.03/- 3.77/- -

(1, 5)-0-L-Araf 5.61/107.28 4.07/80.93 - 4.00/82.02 3.53/70.33

t-o-L-Araf 4.93/106.92 4.09/81.45 4.07/78.95 3.51/60.51

(1,3,5)-0-L-Araf 4.88/107.45 4.22/81.45 3.82/83.71 4.02/82.02 3.55/67.87

t-p-D-Glcp 4.39/95.92 3.28/71.18 3.54/72.01 /- /-

3

‘— “, not assigned.

Table 4 Effect of VBCP2.5 on cytotoxicity and phagocytosis rate in RAW264.7 cells.

Group Dosage (pug/mL) Viability (%) Phagocytosis rate (%)

Control 102.2 + 6.53 100 + 11.21

VBCP2.5 62.5 103.1 £+ 14.32 135.2 £ 7.37%**
31.25 109.7 £ 6.545 1452 £+ 5.15%**
15.63 118.8 £ 3.195 143.1 £ 11.14%**

Note: Data were presented as mean £+ SD; ***p < 0.001, compared to the control group.

3.7.3. VBCP2.5 promote the release of NO

As shown in Fig. 7 A, by comparison with the control group,
NO levels were significantly elevated by LPS stimulation
(p < 0.001). Interestingly, VBCP2.5 also significantly
increased NO levels (p < 0.001) when it was administered at
62.5, 31,25, and 15.63 pg/mL. Especially, the high dose of
VBCP2.5 was greater than LPS. Results showed that VBCP2.5
markedly stimulated macrophage NO production in a dose-
dependent manner.

3.7.4. Cytokine secretion increased after VBCP2.5 stimulation

As shown in Fig. 7 B and C, LPS stimulation significantly
increased the secretion of TNF-a and IL-6 compared to the
control group (p < 0.01). VBCP2.5 promoted the secretion
of TNF-a in a dose-dependent manner (p < 0.05), and the
secretion of IL-6 was also significantly increased after

VBCP2.5 stimulation (p < 0.01). Results showed that
VBCP2.5 was able to promote cytokine secretion in
macrophages.

4. Discussion

Nano-biomaterials show great potential in immune regulation.
When nanomaterials enter the body, their surface properties
will change dynamically, resulting in immune activation or
inhibition. This is an important information, which is helpful
to understand the mechanism of immune response induced
by polysaccharides. However, studies on such properties and
immune activity of polysaccharides have not been well
reported.

This study, we purified a homogeneous polysaccharide
from VBRB. We firstly revealed its micelle formability and
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Fig. 7 VBCP2.5 promoted NO release and cytokine secretion of macrophages. A. Effects of VBCP2.5 on NO release; B and C. cytokines
secretion of Raw 264.7. Data were expressed as the means £ SD (n = 3) and significances with control group were presented as *p < 0.05

and **; p < 0.01; ***p < 0.001.
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nano-properties. Tyndall phenomenon indicated that
VBCP2.5 might form aggregates in solution. Fluorescence
measurements in the presence of a fluorofore like Py can sup-
ply valuable information about the ability of an amphiphilic
compound to form aggregates (Nichifor et al., 2014). Cur-
rently, polysaccharides or polysaccharides derived nanoparti-
cles are synthesized by different mechanisms (e.g.,
polyelectrolyte, complexation, self-assembly, covalent cross-
linking and ionic cross-linking), depending on the properties
of polysaccharides (Debele et al., 2016). A lower CMC value
indicated a higher self-association capacity of VBCP2.5 with-
out any modification, which suggested a natural structure
advantage. This may result from ionic linkage, between two
carboxyl groups belonging to two different chains in close con-
tact with each other, or the cross-linking, involves a combina-
tion of hydrogen bonds and hydrophobic interactions between
the molecules (Debele et al., 2016). The microenvironment in
contact with nanoparticles influences their surface dynamics,
which in turn determines the functional response. VBCP2.5
had a main size peak of ~ 314.40 nm in deionized water, while
a main peak of ~ 84.99 nm in simulated bloodfluidwas
recorded. This was most likely related to VBCP2.5 surface
interaction dynamics with biomolecules, leading to the forma-
tion of a “protein corona” that lowers the surface energy and
modifies its surface in terms of chemical composition and
physicochemical interactions. When VBCP2.5 was incubated
in deionized water for 24 h at the same temperature, the main
peak was recorded at 146.40 + 11.08 nm. This may indicate
that the particle size of VBCP2.5 in general environment was
a dynamic equilibrium process, which was affected by temper-
ature and tend to be stable with the extension of time. There
was no obvious change after incubation for 1 h and 24 h in
simulated bloodfluid, which may be due to the interplay
between protein and VBCP2.5 was a quick dynamic equilib-
rium process of binding and unbinding. In both cases,
VBCP2.5 characterized by small distribution of size, with
PDI > 0.08. Generally, the charge value of polysaccharide
can be indicative of the stability in solution and the negative
charge was mainly produced by the uronic acid (Gu et al.,
2020), that could be used to explains its negative charge in
an aqueous solution. In contact with body fluids, nanoparticles
can undergo significant surface changes. Positive value was
measured after incubation in simulated bloodfluid for 1 h
and 24 h, may due to the polymer-protein stronger interaction.
Scanning electron microscopy can be used to observe the
ultrastructure of macromolecules. The formation of irregular
aggregation such as spheroid, flake and dendrimer indicated
the complexity and flexibility of VBCP2.5, which may be
related to the high purity, the size of carbohydrate chain and
the strong intermolecular interaction (Shu-Jie et al., 2019).
The cracks on the surface of the polymer were observed at
magnification of 15000x, which may be due to the repulsions
between the polysaccharide’s molecules and the weak inter-
molecular attraction. Protrusions and folds were observed on
the enlarged surface of the polymer of VBCP2.5, which most
related to the adhesiveness of polysaccharides in solution.
The structure analysis showed that VBCP2.5 was an acidic
polysaccharide with a molecular weight of 674 kDa. VBCP2.5
characterized by high proportion of 1,4 linked-a-D-GalpA and
a small fraction of RG-I covalently linked with 1,5 linked-o-L-
Araf as backbone, 1,5 linked-a-L-Araf as side chain attached
to the backbone, and terminal saccharides consisted of t-o-L-

Araf, t-B-D-Glcp and t-o-D-Galp. Most of reported Radix
Bupleuri polysaccharides mainly composed of galacturonic
acid, galactose, glucose, arabinose, xylose, ribose and rham-
nose (Jiang et al., 2020). Molecular weights ranging from
8 kDa~ >2000 kDa (Hy et al., 2013; Chuanhuan et al.,
1995). The common linked residues such as terminal, 1, 6-
linked, 1, 3-linked and 1, 3, 6-linked Glcp, terminal, 1, 5
and1,3,5- linked Araf, terminal, 1, 4-linked, 1, 6-linked and
1, 4, 6-linked Galp, terminal, and, 1, 4-linked and 1, 4, 6-
linked Manp and so on*’. Zhao Y et al. (Zhao et al., 2020)
obtained a homogeneous acidic heteropolysaccharide
VBCP3-A from VBRB with a molecular weight of 963 kDa.
Its monosaccharides composed of rhamnose, arabinose, galac-
tose and galacturonic acid at a molar ratio of
1.00:2.39:0.98:5.93. The main linkages of the residues of
VBCP3-A include 1,5-linked-a-L-Araf, 1,3,5-linked-a-L-Araf,
and 1,4-B-D-GalA. To the best of our knowledge, structure
characterization of VBCP2.5 was different from previous
reported polysaccharides of Radix bupleuri.

The composition analysis showed that the endotoxin con-
tent of VBCP2.5 was<1.5 EU/mL. Thus, other interference
of immunomodulation could be excluded (Schepetkin and
Quinn, 2006). Experiments in vitro showed that VBCP2.5
could promote the phagocytosis, the NO release, the TNF-o
and IL-6 secretion of RAW264.7 cells which indicated the sig-
nificant immune-enhancing function. Phagocytosis is a pri-
mary indicator of macrophage activation and plays an
important role in the non-specific immune responses of the
body (Pan et al., 2017). NO is a gaseous signalling molecule
with anti-bacterial host defense function (Ramachandran
et al., 2018). TNF-a can be involved in the defense against bac-
teria and virus, and IL 6 is a pleiotropic cytokine with wide
effects within the integrated immune response (Rose-John
et al., 2017). The first reported immune-related polysaccha-
rides are mainly bacterial lipopolysaccharide. LPS activates
macrophages to produce a variety of mediators and inflamma-
tory cytokines, which help control the growth and spread of
invading pathogens effectively. However, the excessive and
uncontrolled production of these mediators and inflammatory
cytokines may lead to serious systemic complications. The pro-
duction of NO, TNF-a and IL-6 stimulated by VBCP2.5 at the
same dose is significantly lower than that of LPS, which mean
that the immunoregulation of VBCP2.5 would not cause exces-
sive production of mediators and inflammatory cytokines.

Provided evidences concluded that VBCP2.5 was a polysac-
charide with characteristics of nanoscale and nanostructure,
which exhibit a good immune enhancement effect. Beside the
primary structure, properties including size, surface charge,
shape and deformability also affect interactions with immune
cells (Perciani et al., 2021). Nanomaterials are easily recog-
nized phagocytosed by macrophages, subsequent an immune
response. Phagocytosis is the primary mechanism for nanopar-
ticles uptake by macrophages. Varying nanoparticles’ size and
shape impact their mechanism of uptake, ability to accumulate
in immune cells. For smaller size of 20 ~ 500 nm, both
clathrin-dependent and clathrin-independent mechanisms are
primarily involved (Boraschi et al., 2017). The positive charged
surface will promote the internalization rate and further
increase the internalization amount, compared with their neg-
ative counterparts, owing to the electrostatic interaction occur-
ring with negatively charged cell membrane (Salatin and Yari,
2017). Compared with rigid particles, soft particles are more



12

X. Wang et al.

easily deformed by cells during phagocytosis. This deforma-
tion can lead to local changes in the shape and orientation
of the ligand molecule, making the internalization process less
energetically favorable (Si et al., 2021).

Based on the above cognition, we discussed possible
immune response mechanism activated by VBCP2.5. The acti-
vation of macrophages may through endocytosis pathway and
clathrin may involve in this process. The positive charge on
surface and the characteristics of flexible chain may contribute
to this process. The spongy folds seen to be related to the adhe-
siveness of VBCP2.5 that could provide an opportunity to
improve the residence time and to increase binding or uptake
properties.

5. Conclusion

A polysaccharide with nano characteristic was isolated from
Vinegar-baked Radix Bupleuri. It was an acidic polysaccharide
with a molecular weight of 674 kDa and characterized by high
proportion of 1,4 linked-o-D-GalpA and a small fraction of
RG-I, Araf and Gal as side chain attached to the backbone,
terminal saccharides included t-a-L-Araf, t-B-D-Glcp and t-
a-D-Galp. More importantly, this polysaccharide with a small
size and positive charge of surface in stimulated blood fluid, as
well as possessed flexible conformation, exhibited beneficial
immunomodulation function in Raw264.7. The possible acti-
vation of macrophages by VBCP2.5 may be mediated through
endocytosis pathway. The results in this work proposes new
insights for the correlation between nano-properties of
polysaccharides and the immune responses induced.
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