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ARTICLE INFO ABSTRACT

Keywords: This study was to investigate the structure of a polysaccharide fraction from the Fortunella margarita and the
Polysaccharide fraction relationship between its digestibility and structure. A novel polysaccharide fraction extracted by graded pre-
Mannogalactoglucan cipitation at ethanol concentrations of 20% from F. margarita (named FP20) comprised mainly glucose, ga-

Fortunella margarita
Structural characterization
Simulated digestion

lactose, and mannose. The unit composition was —4)--Glcp-(1 — 2)-a-Glcp-(1 — 2)-a-Galp-(1 — 4)-a-Galp-(1—
bone, and in —2)-a-Galp-(1—) with a branching point at C¢ of f-Manp. FP20 was identified as a mannoga-
lactoglucan with a different monosaccharide composition ratio and side-chain sugar residues compared with
other plant polysaccharides. Moreover, FP20 had a spherical aggregations by atomic force microscope test. FP20
had an island-shaped structures with a smooth surface revealed by field emission scanning electron microscopy.
Furthermore, in vitro digestive test, FP20 was resistance to a digestion system of saliva-gastric-small intestinal.
The digestibility of FP20 was related to its backbone unit, structure and tight, uniform, and spherical chain

conformation in aqueous.

1. Introduction

Digestion starts in the mouth because of the action of a-amylase
(Tenore et al., 2015) followed by gastric juice digestion, involving the
digestive enzymes pepsin and gastric lipase (Pedersen et al., 2002).
After digestion in the stomach, digestive products are further digested
and absorbed by bile salts and enzymes in the small intestine (Cilla
et al., 2009; Wen et al., 2015). Simulated digestion in vitro has been
widely used to study the stability, bioactivity, and bioavailability of
polysaccharides because of the simplicity, rapidity, and good reprodu-
cibility of this approach (Wang et al., 2018). Polysaccharides are one of
the components in plant (Shi et al., 2016). In recent years, various
studies have focused on the properties of polysaccharides during gas-
trointestinal digestion. For example, salivary amylase had no effect on
mulberry fruit polysaccharides, whereas gastric enzymes had greater
digestive effects on polysaccharide compared with intestinal enzymes

(Chen et al., 2016). Liu et al. (2018) reported that salivary amylase had
no effect on polysaccharides from the Dendrobium aphyllum, whereas
these were digested by gastric-intestinal enzymes.

The Fortunella margarita, which originates from China, is a source of
several nutritious bioactive compounds, including polysaccharides, li-
monoids, oils, flavonoids, and vitamins (Zeng et al., 2017). F. margarita
polysaccharides comprised four polysaccharide fractions, comprising
mainly galactose, galacturonic acid and mannose, and with 3-glycosidic
and a-glycosidic bonds (Zeng et al., 2016). These fractions display
antioxidant and antibacterial activities, with inhibitory effects on
pancreatic lipase, and strong bile acid-binding abilities (Zeng et al.,
2016). Zeng et al. (2019) reported that F. margarita polysaccharides had
a significant regulatory role in lipid metabolism disorder in hyperlipi-
demic rats. F. margarita polysaccharide fractions by graded ethanol
precipitation could promote the proliferation of Gram-positive Bifido-
bacterium in vitro, especially a fraction obtained by graded precipitation
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at ethanol concentrations of 20% (Chen et al., 2019). The intestinal
activity of F. margarita polysaccharides in vivo might be related to their
digestion and absorption characteristics in the oral cavity, stomach and
small intestine. In addition, their digestion and absorption might also
be impacted by their structure. Zhu et al. (2019a) reported that the
antioxidant activity of polysaccharides from Artocarpus heterophyllus
Lam. (Jackfruit) Pulp significantly increased after gastrointestinal di-
gestion. Wang et al. (2015) reported that the digestion of poly-
saccharides was affected by their structure. Therefore, in the current
study, we investigated the relationship between the structure of a
polysaccharide fraction from F. margarita and the results of its simu-
lated digestion in vitro.

To this end, a novel polysaccharide fraction was extracted from F.
margarita by graded precipitation at ethanol concentrations of 20%. The
fraction was characterized by fourier transform infrared spectroscopy
(FTIR), gas chromatography (GC), gas chromatography-mass spectro-
metry (GC-MS), and nuclear magnetic resonance (NMR). The chain
conformation and surface morphology were determined by atomic force
microscope (AFM) and field emission scanning electron microscope
(FESEM), respectively. Furthermore, the digestibility of the fraction in
both a single and mixed digestive system was investigated.

2. Material and methods
2.1. Material and reagents

F. margarita was purchased from the Youxi Agricultural Bureau,
Sanming City, Fujian Province, China. A polysaccharide fraction
(named FP20) was prepared following the method of Chen et al. (2019).
Briefly, fresh F. margarita was washed, crushed, extracted at 80 °C for
2 h, centrifuged, and precipitated with ethanol concentrations of 20%
for 20hat —4°C. a-amylase, pepsin, gastric lipase, and trypsin were
purchased from Beijing Solarbio technology Co., Ltd. (Beijing, China).
KBr, dimethyl sulfoxide (DMSO), deuterium-oxide (D,0), tri-
fluoroacetic acid, hydroxylamine hydrochloride, pyridine, and NaOH
were purchased from Shanghai Macklin biochemical technology Co.,
Ltd. (Shanghai, China), and all of them were chromatographic purity.
Dichloromethane, Na,HPO,, KH,PO,, phosphate buffer, NaCl, KCl,
CaCl,, NaHCO3, NaCl, acetic anhydride, P,Os, and iodomethane were
purchased from China pharmaceutical group chemical reagents Co.,
Ltd. (Shanghai, China). Monosaccharide standards (ribose, arabinose,
xylose, mannose, glucose and galactose) were purchased from sigma-
Aldrich, Inc. (USA).

2.2. Ultraviolet (UV) and FT-IR spectra analysis

FP20 was prepared as a 1 mg/mL solution with distilled water and
scanned in the whole band of ultraviolet-visible spectrum in the wa-
velength range of 200-800 nm (Tang et al., 2017) with a scanning in-
terval of 1nm using a Thermo Scientific Nano Drop 2000/2000c
(Massachusetts, USA).

The polysaccharide and KBr solution was dried in an oven (60 °C,
12 h) and free water was removed to eliminate the interference of water
molecules with absorption peaks. The powder was weighed out into 2-
mg aliquots and placed in an agate mortar, to which ~400 mg of dry
KBr was added. The powder was ground uniformly under the infrared
lamp (Tianjin Energy Spectrum Technology Co., Ltd., China). The
powder was put into a pressing die and vacuum pressed into thin sheets.
FT-IR of Nicolet AVATAR360 (Madison, Wisconsin, USA) was used to
scan polysaccharide sample. The scanning wavelength ranged from 400
to 4000 cm ~?, the scanning times were 24 times, and the resolution was
4cm™! (He et al., 2007).

2.3. Determination of monosaccharide composition

3-5mg FP20 was hydrolyzed with 2mL 2 M trifluoroacetic acid at
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95 °C for 4 h in an ampoule bottle, and dried with N5 at 70 °C (Yu et al.,
2017; Zhang et al., 2017). Then, 10 mg hydroxylamine hydrochloride
and 0.5mL pyridine were added to the hydrolysate and mono-
saccharide standard, respectively and reacted in a water bath at 90 °C
for 30 min. After cooling to room temperature, 0.5 mL acetic anhydride
was added to the hydrolysate, and further reacted in a water bath at
90 °C for 30 min. Derivatives were obtained through a 0.45 pm organic
system filter membrane. Gas chromatography (Agilent 7890A, Palo
Alto, California, USA) with a capillary column, HP-INNOWAX
(30m x 0.32 mm X 0.25um) was used to determine the mono-
saccharide content and was run at 170°C for 2min to 250°C for
15 min at a heating rate of 10 °C/min, using N, as carrier gas at 30 mL/
min, H, as a fuel gas at 30 mL/min, and air as an auxiliary gas at 30 mL/
min at a ratio of 40:1.

2.4. Methylation and GC-MS analysis

Methylation was determined by the method according to Gong et al.
(2015), with minor modifications. Polysaccharide sample (~10mg)
was placed in a 25-mL round-bottomed flask, sealed with a sealing film,
with a few holes, dried in a vacuum dryer with P,Os (60 °C, 24 h), and
treated overnight. Then, 2 mL dry DMSO was added to the bottle, which
was sealed with a rubber plug covered with sealing film. The bottle was
treated with ultrasound at 50 °C for 6.5h and then placed in a water
bath at 85 °C for 120 r/min for 2 h. Then, it was stirred at room tem-
perature overnight. Preground and dried NaOH powder (20-30 mg;
previously dried in a vacuum dryer) was then added to the flask and
stirred for 2 h at room temperature to obtain a yellow-colored solution,
followed by the addition of 0.5 mL iodomethane and stirring at room
temperature for 2.5h. The reaction was terminated by adding 1 mL
distilled water and 1 mL dichloromethane to extract the methylation
product. The solution was dried with N, by Termovap Sample Con-
centrator (HNDK400, Shanghai Hannuo Instruments Co., Ltd., China) to
obtain the methylation products.

The methylated product was analyzed using a GC-MS TQ8040
(Shimadzu GC-2010, Japan) with a RTX-5 capillary column
(30m X 0.25mm X 0.25pum) (Shimadzu, Japan), run at 170°C for
2min to 250 °C for 15minat a heating rate of 10°C/min, and then
heating to 300 °C at a heating rate of 20 °C/min, using He, as a carrier
gas. The injector temperature was 260 °C, the ion source temperature
was 180°C, and the voltage was 70eV. The multiplier voltage was
350V and the filament current was 250 A, in the scanning range of
30-450 m/z.

2.5. Nuclear magnetic resonance (NMR) spectroscopy

30-mg sample of FP20 was weighed into a NMR tube, and a 4.0%
solution (W/V) was prepared by adding D,0. The 'H and '3C spectra
were analyzed by using an AVANC III 500 NMR spectrometer (Bruker,
Switzerland). Sodium dimethylsilopentane sulfonate (DSS) was used as
an internal standard, and the test temperature was set at 35 °C. 'D NMR
(*H NMR and 13C NMR) and 2D NMR (COSY, TOCSY, NOESY, HSQC,
and HMBC) were measured (Ye et al., 2011).

2.6. Atomic force microscope (AFM) microscopy

The ultrastructure of FP20 was analyzed by AFM (Agilent, Palo Alto,
California, USA). A sample of FP20 was prepared as a 1 pg/mL solution
with ultrapure water. 5 pug/mL sample was dried on fresh mica sheets
under N, and then scanned by using AFM.

2.7. Field emission scanning electron microscopy (FESEM)
The microstructure of FP20 was determined by using FESEM (Nova

Nano SEM 230, FEI Czech Republic S.R.O. CA., Czech). FP20 powder
samples were adhered to the sample table, and platinum (Pt) was
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Fig. 1. Scanning spectra of FP20 by using ultraviolet-visible light spectrophotometer (A), FT-IR spectra of FP20 (B), monosaccharide mix reference material GC
chromatography (C), and monosaccharide composition GC chromatography of FP20 (D).

deposited using a vacuum sprayer to a thickness of 10 nm. The accel-
eration voltage of the electron gun was 15keV. The sample was mag-
nified to 500 X , 1000 x , 2000 X , and 5000 X .

2.8. In vitro digestion and determination of molecular weight

2.8.1. Simulated saliva digestion

Saliva was prepared according to the method of Humphrey and
Williamson, (2001) , with slight modifications. 2.38 g Na,HPO,, 0.19 g
KH,PO,, 8.00 g NaCl, and 0.91 g a-amylase (220 U/mL) were dissolved
in 1L water to form simulated saliva. The pH of the solution was ad-
justed to 6.75 with phosphate buffer. FP20 was added to the simulated
saliva juice at a concentration of 2.0 mg/mL, to form the test group. The
control group contained only saliva juice. Three samples of each group
were tested. All the samples were incubated at 37 °C in a shaking water
bath at 150 r/min. After digestion for 2, 4, and 6 h, the samples were
boiled in water for 20 min to stabilize the enzymes.

2.8.2. Simulated gastric digestion

Gastric juice was prepared according to the method of Yun et al.
(2019). A gastric electrolyte solution (1000 mL) was prepared with
3.10g NaCl, 1.10g KCl, 0.15g CaCl,, and 0.60g NaHCOjs. Then,
135 mg pepsin and 119 mg gastric lipase were added to 180 mL of the
gastric electrolyte solution. The pH value was adjusted to 2.00 with
0.1 M HCL. FP20 was added to the simulated gastric juice at a con-
centration of 2.0 mg/mL, to form the test group. The control group

contained only gastric juice. Three samples of each group were tested.
All samples were incubated at 37 °C in a shaking water bath at 150 r/
min. After digestion for 2, 4, and 6h, they were boiled in water for
20 min to stabilize the enzymes and neutralized with 1.0 M NaHCOs.

2.8.3. Simulated small intestinal digestion

Intestinal juice was prepared according to the method of Zheng
et al. (2010). The intestinal electrolyte solution (1000 mL) comprised
5.40 g NaCl, 0.65 g KC1, and 0.33 g CaCl,. 7.00 g trypsin was dissolved
in 100 mL water and centrifuged at 4800 r/min for 10 min. The su-
pernatant was then removed. 90 mL of the trypsin solution was added
to 90 mL of the intestinal electrolyte solution. The pH was adjusted to 7
with 1.0 M NaHCOs3. FP20 was added to the simulated intestinal juice at
a concentration of 2.0 mg/mlL, to form the group. The control group
contained only small intestinal juice. Three samples of each group were
tested. All samples were incubated at 37 °C in a shaking water bath at
150 r/min. After digestion for 2, 4, and 6 h, they were boiled in water
for 20 min to stabilize the enzymes.

2.8.4. Simulated saliva-gastric and saliva-gastric-small intestinal digestion
The solution that remained after the simulated saliva digestion was
mixed with the gastric juice in a ratio of 2:1. The resulting solutions
were further incubated at 37 °C in a shaking water bath at 150 r/min for
6 h, boiled in water for 20 min to stabilize the enzymes and neutralized
with 1.0 M NaHCOs.
The solution that remained after simulated saliva-gastric digestion
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Fig. 2. GC-MS total ion chromatogram of FP20.

was mixed with the small intestinal juice in a ratio of 2:1. The resulting
solutions were further incubated at 37 °C in a shaking water bath at 150
r/min for 6 h, boiled in water for 20 min to stabilize the enzymes.

2.8.5. Determination of molecular weight

The molecular weight of FP20 was determined by using size-ex-
clusion chromatography, multi-angle laser light-scattering and re-
fractive index (SEC-MALLS-RI) (Wyatt Technology, CA, USA), ac-
cording to the method of Zeng et al. (2015), with slight modifications.
The mobile phase was a 0.10 mol/L NaCl solution at a flow rate of
0.50 mL/min with an SB-806 column and a SB-803 column (Shodex,
Tokyo, Japan) at 25 °C.

2.9. Statistical analysis

All figures were drawn using Origin 8.0 (Origin Lab Corporation,
Northampton, MA, USA). The data obtained by FT-IR were analyzed by
OPUS Spectroscopy Software. The data obtained by NMR were ana-
lyzed by Mest Re Nova statistical method. The data obtained by SEC-
MALLS-RI was analyzed by ASTRA 6.1 sofware (Wyatt Technology, CA,
USA).

3. Results and discussion
3.1. Purity, FT-IR spectra and monosaccharide composition analysis

The results of the UV spectroscopy was shown in Fig. 1A and con-
tained no obvious peaks at 260-280 nm, indicating no nucleic acids or
proteins in the samples. Ji et al. (2019) reported that there was no
absorption at 260-280 nm of a polysaccharide fraction (PZMP2-2) from
Ziziphus jujuba cv. Muzao, which also suggested that no nucleic acids or
protein were present in the sample. Our previous study (Chen et al.,
2019) reported that FP20 had a single, symmetrical peak based on the
results of gel permeation chromatography, indicating the high purity of
FP20.

As shown in Fig. 1B, the FT-IR spectra of FP20 had absorption in
bands at 3431, 2929, 1634, 1411, 1385, 1077, 1051, 1026, 922, and
816cm ™', which were typical bands of carbohydrates (range
4000-400 cm ~1). The wide band at 3431 cm~! was likely to be the
result of O-H stretching vibration of hydrogen bonds within or between
sugar molecules, whereas that at 2929 cm ™! was likely to be the result
of C-H stretching vibrations in methylene (-CHy-) (Zeng et al., 2016).
The band at 1634 cm ™! was characteristic of intramolecular hydrogen
bonds (Li et al.,, 2017a). Absorption bands at 1411 em~! and
1385 cm ! represented CH, bending (Zhu et al., 2019b). There were
three absorption bands in the range of 1100-1010 cm ™!, representing
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pyranose rings (Yang and Zhang, 2009). Bands that appeared at
1077 cm ™%, 1047 cm ™! and 891 cm ™! might be attributed to B-glyco-
sidic linkage presence. A weak band at 918 cm ™! could be attributed to
the deformation scissor vibrations of (CHH) and (COH) bonds
(Ognyanov et al, 2018). The characteristic absorption bands at
816cm ™! indicated that FP20 contained a-glycosidic linkages (Yu
et al., 2015).

The monosaccharide composition of FP20 was identified by GC
using an external standard method for comparison with retention time.
The GC result of monosaccharide standards and monosaccharide com-
position of FP20 were shown in Fig. 1C and Fig. 1D, respectively. In
Fig. 1C, numbers 1-6 represent ribose, arabinose, xylose, mannose,
glucose, and galactose, respectively. Thus, FP20 comprised three
monosaccharides (glucose, mannose, and galactose), with relative
molar ratios of 48.56%, 14.97%, and 36.47%, respectively. The
monosaccharides were similar to those reported by Colodel et al.
(2018), who reported that the cell wall polysaccharide fraction HB,
from ponkan peel contained glucose, galatose, and mannose, which was
a type of galactoglucomannan. While polysaccharides from commercial
carob flour mainly comprised mannose and galactose with minor glu-
cose, which was a typical galactomannan (Petkova et al., 2017).

3.2. Methylation analysis

The GC-MS total ion chromatogram of FP20 is detailed in Fig. 2 and
shows five peaks. Based on the relative retention time and the pyrolysis
rule of polysaccharides, fragment plasmid-nucleus ratio and spectro-
gram library, these five peaks were analyzed, and the methylation
analysis results are shown in Table 1. The peaks in Fig. 2 were identified
as 2,3,4,6-Mes-mannitol, 2,3,6-Mes-glucitol, 2,3,6-Mes-galactitol,
3,4,6-Mes-glucitol, and 3,4-Me,-galactitol, with percentages of 14.44%,
12.19%, 16.68%, 31.34%, and 25.35%, respectively. The data from the
methylation analysis suggested that FP20 comprised three mono-
saccharides, in accordance with the GC results, and had a five-sugar
residue comprising Manp linked T— glucosidic bands, Glcp linked 1 — 2
or 1 — 4 glucosidic bands, and Galp linked 1 — 2 or 1 — 4 glucosidic
bands, indicating that these monosaccharides were pyranose, consistent
with the result of FT-IR. Nei et al. (2011) reported that Cordyceps si-
nensis polysaccharide was mainly comprised of 1 —4 links and T—
links, but without 1 — 2 links. However, Zhang et al. (2010) reported
1—3 linked, 1 —2 linked, and 1—4 linked polysaccharide from
Lentinus edodes.

3.3. ' D, and ? D NMR analysis

The structural characterization of FP20 was further elucidated by *
D, and % D NMR spectral analysis. Signals in the 4.5-5.0 ppm range in
the ! H NMR spectrum indicated that the polysaccharide had a -gly-
cosidic configuration, whereas those in the 5.0-5.5 ppm range indicated
an a-glycosidic configuration. As shown in Fig. 3A, the chemical shifts
at 5.31, 5.30, 5.11, 4.70, and 4.53 ppm in the ! H NMR spectrum in-
dicated that FP20 contained both a- and f-glycosidic configurations, in
agreement with the results of FT-IR and GC-MS. The anomeric proton
signal at 4.77 ppm was consistent with the presence of mannopyranosyl

Table 1
Methylation analysis and mode of linkage of FP20.

Retention time Methylated sugar Linkage Peak area percentage
(min) (%)

10.28 2, 3, 4, 6-Me3- T- 14.44
mannitol

10.62 2, 3, 6-Mejs-galactitol 1, 4- 12.19

12.54 2, 3, 6-Mes-glucitol 1, 4- 16.68

14.67 3, 4, 6-Mes-glucitol 1, 2- 31.34

18.92 3, 4-Me,-galactitol 1, 2, 6- 25.35
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Fig. 3. 'H (A) and '°C (B) NMR spectra of FP20.

residues and that at 4.52 ppm was characteristic of glucopyranosyl re-
sidues (Xue et al., 2012). By comparison with the results of GC-MS,
peaks at 4.70 ppm and 4.53 ppm could be attributed to T-Manp and 1,2-
Glecp or 1,4-Glep. Generally, the signal of f-hetero-protons was
0.3-0.5ppm lower than that of a-hetero-protons (Cheng and Neiss,
2012; Nie et al., 2011; Yang and Zhang, 2009), suggesting that the peak
at 5.11 ppm was a-Glcp. Feng et al. (2018) reported that the proton
signal at 5.19 ppm was a-Glcp. The signals at 90-110 ppm indicated
heterotopic carbon resonance. As shown in Fig. 3B, there were five
signals in the 13C NMR spectrum at 103.63, 98.03, 95.87, 92.13, and
92.05 ppm. The peak at 92.13 and 92.05 ppm could be assigned to a-
galactose, in accordance with the study by Zhang et al. (2018), who
reported that a peak at 93.15 ppm indicated the presence of C1 of the a-
galactose.

H,, Hs, Hy, Hs, and Hg signals were assigned by combining the data
from COSY (Fig. 4A), NOESY (Fig. 4B), and TOCSY (Fig. 4C), and the
correlating proton and carbon (H;/H,, Hy/C,, H3/Cs, H4/Cy4, Hs/Cs,
and He/Cg) signals were found in HSQC. All ' H and ' C signals were
shown in Table 2A. The peaks in the region of 3.11-3.92 ppm were the
signal characteristics of Hy~Hg (Chen et al., 2018b; Cheng and Neiss,
2012). According to HSQC (Fig. 4D), the correlating anomeric proton
and heterotopic carbon signals were found at § H/8 C 5.31/92.13 and
5.30/92.05 indicated the presence of a-Galp (named residue A and B).
The correlating chemical shift at § H/8 C5.11/103.63 was assigned to a-
Glcp (named residue C). The cross peak at § H/8 C4.70/95.87 was
characteristic of -Manp (named residue D). The cross peak at 6 H/8
C4.53/98.03corresponded to 3-Glcp (named residue E). The peaks in
the region of 96.62-60.06 ppm showed the signal characteristics of
Co—Ce (Zhao et al.,, 2016). There was no signal in the region of
82-88 ppm, indicating that the sugar residue was a pyranose ring (Fan
et al., 2006), consistent with the result of GC-MS.

The sequences of glycosyl residues in FP20 were identified by a
HMBC (Fig. 4E), and the results are shown in Table 2B. According to
previous studies (Chen et al., 2018b; Cheng and Neiss, 2012; Li et al.,
2017b; Liu et al., 2016; Zhao et al., 2016), the possible sugar residue
links of FP20 were as follows: residues A had an 8 H signal at 5.31 ppm,
and a 8 C chemical shift at 72.72 and 73.07 ppm, indicating that re-
sidues A were interconnected with residues B and D by a-1—4. Residue
B was a-1—4 linkage residue E supported by a 8 H chemical shift at
5.30 ppm and a & C signal at 73.07 ppm. Residue C was a-1—2 linkage
residue A supported by a 8 H chemical shift at 5.11 ppm and a 8 C signal
at 71.40 ppm. Residue D was assigned to be a nonreducing end man-
nose unit, connected with residue A by C¢ with 3-1—6. The cross-peak
at 4.53/875.91 showed that the H-1 of residue E was correlated to the
C-2 of residue C, indicating that the glucose was attached to the —2)-a-
Glcp-(1— residue. The repeating unit of FP20 was established based on

the FT-IR, GC-MS, ' D, and 2 D NMR results (Fig. 5). Thus, FP20 was
characterized as a type of mannogalactoglucan, comprising —4)--Glcp-
(1 - 2)-a-Glcp-(1 — 2)-a-Galp-(1 — 4)-a-Galp-(1— bone, and —2)-a-
Galp-(1— with a branching point at C¢ of -Manp. Schroder et al. (2001)
reported that kiwifruit galactoglucomannan contained Gal-Glc-Man in
the ratio of 1:2:2, which was different with our result of the
Gal-Glc-Man ratio. Capek et al. (2000) reported that the side-chains
terminated at position O-6 were predominantly D-galactose units in
galactoglucomannan from the secondary cell wall of Picea abies L. Karst,
whereas, in our study, the side-chains was (-mannan at the O-6 position
of —=2)-a-Galp-(1 —.

3.4. AFM analysis

AFM is an effective method to observe the chain conformation of
macromolecules, such as polysaccharides and proteins (Wang et al.,
2014). The chain conformations of polysaccharides involve spheres,
random linear chains, and random chains with branches and rods.
Chain conformations determined by AFM was generally consistent with
those determined by other tools, such as SEC-MALLS-RIL. Li et al.
(2017b) reported that the chain conformation of sulfated poly-
saccharides from sea cucumbers determined by AFM were consistent
with the results of SEC-MALLS-RI. The AFM image of FP20 was shown
in Fig. 6. FP20 had several aggregates in the range of 9um x 9pum
(Fig. 6A. The range of 0.8 um x 0.8 um (Fig. 6B) indicated a single
FP20 aggregate. The AFM results indicated that FP20 showed a sphe-
rical aggregation, consistent with a previous result based on SEC-
MALLS-RI (Chen et al., 2019). This might be because FP20 molecules
are intertwined, which could be a result of the structure unit of FP20
with a branching and strong intramolecular and intermolecular inter-
actions resulting from hydroxyl groups (Giannotti et al., 2007; Liu et al.,
2016).

3.5. FESEM analysis

The surface morphology of FP20 was determined by FESEM. Fig. 7
shows images at a magnification of 500x, 1000x, 2000x, and
5000 % . The units of FP20 were tightly aggregated, consistent with a
previous study of okra polysaccharides (Gao et al., 2018). At a mag-
nification of 500 x (Fig. 7A), the FP20 units entangled in large quan-
tities and morphed into a circular aggregated mass, which was con-
sistent with the result of AFM. At a magnification of 1000 X, there were
some island-shaped structures with a smooth surface (circled in
Fig. 7B), and some random cross-networked structures (arrows in
Fig. 7B). At a magnification of 2000 X, there was a layered structure at
the bottom of an island structure (arrow in Fig. 7C). At a magnification
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Fig. 4. ! H/'H COSY (A), 'H/'H NOESY (B), 'H/'H TOCSY (C), HSQC (the correlating proton and carbon) (D) and 'H/*3C HMBC (E) NMR spectra of FP20.

Table 2a
NMR data for FP20(a): The detailed 'H and *3C NMR spectral assignments of FP20.
H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6

A 5.31/92.13 3.44/71.40 3.58/64.77 3.67/72.72 3.80/67.52 3.32/69.64
B 5.30/92.05 3.51/63.87 3.60/65.16 3.68/72.67 3.59/61.29 3.26/73.95
C 5.11/103.63 3.38/75.91 3.72/71.33 3.29/73.94 3.62/63.84 3.92/62.32
D 4.70/95.87 3.11/96.62 3.37/77.17 3.65/72.67 3.46/71.04 3.59/59.32
E 4.53/98.03 3.13/77.98 3.36/69.37 3.63/73.07 3.77/72.43 3.57/59.66
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Table 2b
The significant connectivities observed in "H-'*C HMBC for anomeric H/C of
sugar residue of FP20.

Residues H1/C1 8 H/8 C Observed connectivities

8H/8 C Residues Atom
A: =2, 6)-a-Galp-(1— 5.31 72.67 B C-4

73.07 D C-4
B:—4)-a-Galp-(1— 5.30 73.07 E C-4
C: =2)-a-Glep-(1— 5.11 71.40 A C-2
D: p-Manp-(1— 4.70 69.64 A C-6
E: —=4)-B-Glcp-(1— 4.53 75.91 C C-2

OH
HO
OH HO
o
o a-Gle
o
» HO 2 OH
\ -Glc “oH
i B o o
HO OH
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o o}
O
o-Gal
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. (o)
. HO
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Fig. 5. Chemical structure unit of FP20.

of 5000 X%, there were some bores in the island structure (circled in
Fig. 7D). Huo et al. (2019) reported that an exopolysaccharide from
Lachnum was a block with a smooth surface. The surface of Inonotus
obliquus polysaccharide was also smooth (Ma et al., 2012), consistent
with our result.

(A)
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3.6. Simulated digestion in vitro

3.6.1. Simulated saliva, gastric, and small intestinal digestion

In simulated saliva, a-amylase can act on a-(1 — 4)-linkage in car-
bohydrates, including starch and some non-starch polysaccharides
(Pedersen et al., 2002). The molecular weight of FP20 after digestion in
vitro is shown in Table 3. According to our previous study, the mole-
cular weight of FP20 was ~1.341 x 10° g/mol. After simulated saliva
digestion for 2, 4, and 6h, the molecular weights of FP20 were
1.253 x 10° ( = 1.579%), 1.261 X 10° ( = 1.778%), and 1.212 x 10°
(£ 2.972%) g/mol, respectively. These results suggested that FP20
could not be digested by saliva, in agreement with previous study. Di
et al. (2018) reported that the molecular weight of sulfated poly-
saccharides from Gracilaria rubra did not change significantly after
saliva digestion. This might be related to the chain conformation of
FP20 in aqueous solution, which displayed a tight, uniform, spherical
conformation. It might also be because of the structure of FP20, with its
backbone formed by —4)-3-Glcp-(1 — 2)-a-Glcp-(1 — 2)-a-Galp-(1 — 4)-
a-Galp-(1— repeats, with alternating —2)-a-Galp-(1— with a branching
point at Cg of f-Manp, in accordance with previous study. Ding et al.
(2018) reported that Lycium barbarum polysaccharide could not be di-
gested by saliva, which might be related to its structure with a back-
bone formed by —4-a-GalpA-(1—, repeats, and a partial region con-
nected by alternating —4)-a-GalpA-(1— and —2)-a-Rhap-(1—).

After simulated gastric digestion for 2, 4, and 6 h, the molecular
weights of FP20 were 1.284 x 10° ( % 1.538%), 1.157 x 10°
(*2579%), and 1.099 x 10° ( =+ 1.480%) g/mol, respectively
(Table 3). Compared with the initial molecular weight, there was no
significant difference following simulated gastric digestion, indicating
the resistance of FP20 to digestion by gastric juice, in accordance with
previous studies. Chen et al. (2018a) reported that the molecular
weight of Fuzhuan brick tea polysaccharide did not change in response
to simulated gastric digestion. This might be because of the structure of
FP20, which was composed with mannose, galactose, and glucose.
Wang et al. (2015) reported that synthetic galactoglucomannan, com-
prising mannose, galactose, and glucose, was less susceptible to gastric
juice digestion, even after 4 h at pH 1.5.

After simulated small intestinal digestion for 2, 4, and 6h, the
molecular weights of FP20 were 8.415 X 10° (% 1.381%),
3.413 x 10° ( + 3.289%), and 3.130 x 10° ( *+ 1.457%) g/mol, re-
spectively (Table 3). Thus, the molecular weight of FP20 had decreased,
indicating that FP20 was susceptible to digestion by small intestinal
juice, possibly because enzymes in the small intestinal was able to

0.2 0.4 08

0.8 ym

Fig. 6. Scanning atomic force microscope of FP20.
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Fig. 7. Field emission scanning electron microscope images of FP20, (A): x500; (B): x1000; (C): x 2000; (D): x 5000.

hydrolyze FP20. It was known that enzymes embedded in the small
intestinal could hydrolyze some polysaccharides (Woolnough et al.,
2008). Zhu et al. (2019a) reported that the molecular weight of A.
heterophyllus Lam. pulp polysaccharide decreased following in vitro in-
testinal digestion.

3.6.2. Simulated saliva-gastric and saliva-gastric-small intestinal digestion

In vivo, food enters the stomach via the esophagus following di-
gestion in the mouth. However, FP20 was less susceptible to digestion
by saliva followed by gastric juices (Table 3): even after 6 h, there was
no significant change in its molecular weight. Wang et al. (2019) re-
ported that Coralline pilulifera polysaccharide was not digested under
simulated saliva-gastric digestion conditions, and that its molecular
weight remain unchanged.

By contrast, after passage through the saliva-gastric juice, FP20 also
would not be digested by small intestinal juice (Table 3). However,
after 6 h incubation, the molecular weight of FP20 was 1.068 x 10°
(= 1.910%) g/mol, which was not significantly different to its initial
molecular weight. This was in contrast to the results from small in-
testinal digestion alone, which did change the molecular weight of
FP20. It might be that the tightly packed sphere chain conformation
results in the dissociation of FP20 during gastric juice digestion but
when FP20 is exposed to small intestinal juice, FP20 reaggregation

Table 3
Changes in molecular weight of FP20 after digestion.

occurs, resulting in no change in its molecular weight. Hakansson et al.
(2012) reported large effects on the solubility and aggregation state of
B-glucan solutions after digestion in vitro. Lovegrove et al. (2017) re-
ported the reaggregation of polysaccharides exposed to small intestinal
conditions. This also might be because digestive products resulting from
simulated gastric juice digestion are not removed, resulting in inhibi-
tion of enzyme activity in the intestinal juice (Minekus et al., 2014).

4. Conclusions

In this study, a novel polysaccharide from F. margarita (named
FP20) was determined. Based on the results from FT-IR, GC-MS, 'D, and
2D NMR, FP20 was characterized as a type of mannogalactoglucan,
comprising —4)-3-Glcp-(1 — 2)-a-Glcp-(1 — 2)-a-Galp-(1 — 4)-a-Galp-
(1— bone, and —2)-a-Galp-(1— with a branching point at Cg of f3-
Manp. Interestingly, there were particular monosaccharide composition
ratios and different sugar residues in the side-chains. The chain con-
formation and surface morphology were studied by AFM and FESEM,
which indicated that FP20 had a spherical aggregation, resulting from
the entanglement of individual units that were morphed into an ag-
gregated mass. Furthermore, FP20 was susceptible to in vitro digestion
by small intestinal juice but not by either saliva or gastric juice.
However, it was resistant to in vitro digestion by either saliva-gastric or

Time/h Saliva Gastric Small intestinal Saliva- Gastric Saliva-Gastric-Small intestinal
2 1.253 x 10° ( = 1.579%) 1.284 x 10° ( + 1.538%) 8.415 x 10° ( = 1.381%) - -
4 1.261 x 10° ( = 1.778%) 1.157 x 10° ( = 2.579%) 3.413 x 10° ( = 3.289%) - -

6 1.212 x 10° ( + 2.972%) 1.099 x 10° ( + 1.480%)

3.130 X 10° ( % 1.457%)

1.141 x 10° ( + 1.862%) 1.068 x 10° ( + 1.910%)
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saliva-gastric-small intestinal juices. This result might be attributed to
its backbone unit and tight, uniform, and spherical chain conformation.
This results might provide a theoretical basis for the study of the re-
lationship between structural and functional properties of active poly-
saccharides.
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