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The wet decortication of sesame seeds produces wastewater containing diverse
minerals and organic pollutants that could be valuable resources for the food industry.
This investigation aimed to reclaim, purify, and characterize the polysaccharides
contained in the waste liquor from the sesame decortication industry. The purified
polysaccharide fractions were characterized using monosaccharide analysis, GPC
(high-performance gel permeation chromatography), FT-IR (Fourier-transform infrared)
spectroscopy, methylation analysis, 1D and 2D Nucleai Magnetic Resonance (NMR)
analysis, and thermal analysis. Four fractions were found (SSP-1,-2,-3, -4), of which
SSP-2 was proportionately the largest and most interesting. The backbone of SSP-2 is
mainly composed of (1—2,4)-B-p-Xylp residues with side chains connected to the O-4
position, with many T-B-p-Galp and (1—5)-a- -Araf residues, and fewer (1—4)-a-p-
Glep, (1—2)-a- -Rhap, T-a-| -Araf, and (1—2)-B-p-GIcpA residues. An efficient method
for removing the polysaccharides would simplify wastewater treatment while finding a
use for them would benefit the sesame, food, and pharmaceutical industries.

Keywords: characterization, polysaccharide, waste liquor, wet decortication, sesame seeds

INTRODUCTION

Sesame (Sesamum indicum L.), primarily cultivated in Burma, Sudan, China, and India since
ancient times, consisting 60% of the world’s total yield, is one of the most important annual oilseed
crops (1, 2). With its high content of protein and oil, sesame is a nutritious food, widely consumed
in sweet and savory dishes and confections (3, 4). Typically, sesame seeds are dehulled before being
used as human food. The meal left from oil extraction is high in protein, indigestible fiber, and
oxalic acid. It is used to a limited extent as animal feed and might, with further treatment, be a
source of protein for human food products (5, 6).

Among the current dehulling methods, two of the most common approaches are dry
decortication and wet decortication. Dry decortication entails simply heating the sesame seeds.
It is environmentally friendly as it produces no waste liquor; however, the long time and high
temperature of the roasting process may change the appearance and flavor of the kernels (7). Wet
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decortication involves the use of a strong alkali to remove
the hulls. It is a conventional method that used to be widely
adopted by the industry because the method can provide
kernels with a more desirable appearance, taste, and yield
than dry decortication. The use of lye, however, has significant
disadvantages, such as its corrosive effect on equipment, the
possible hazards of applying the hot (60°C) alkali, and the heat
costs to keep the alkali at 60°C during the operation (7). The
greatest drawback, however, is that a large volume of water is
needed to wash off the lye, and the disposal of this waste lye liquor
remains a common and serious problem confronting sesame
producers all over the world (8).

Several studies have suggested that valuable nutrients can
be reclaimed from the byproducts of sesame dehulling, and
utilized in various ways (9). As for disposal of the wastewater,
if this water could be further and efficiently processed to yield
valuable resources, the benefits would be far-reaching. The
waste lye liquor, one of the byproducts obtained during the
process of wet decortication, is mainly composed of proteins
and a range of polysaccharides, such as pectin, gums, celluloses,
and hemicelluloses. Polysaccharides, very important bioactive
macromolecules, have long been used as additives in healthy
foods due to their various biological effects and in emulsions
to improve texture, water retention, and stabilization (10).
These molecules are proven to have antioxidative, hypolipidemic,
and anti-tumor activities (11-13). The complex structures
of polysaccharides, including the variety of monosaccharide
components and the various linkage and configuration patterns,
give them their diverse functional properties (14). To the
best of our knowledge, the sugar composition and structural
characterization of the sesame polysaccharides obtained from the
waste liquor produced in the process of wet sesame dehulling
have not been studied. We believe that these polysaccharides
could be valuable resources for industry and that an efficient
method for removing them would both benefit the sesame
industry and simplify wastewater treatment.

Thus, the purpose of the present investigation aimed
to develop an efficient, effective way to reclaim natural
polysaccharides from the waste liquor produced by the
wet decortication of sesame seeds. Polysaccharide fractions
were reclaimed and purified, and the composition and
structural features of the purified polysaccharide fractions
were characterized using monosaccharide analysis, GPC
(high-performance gel permeation chromatography), FT-IR
(Fourier-transform infrared) spectroscopy, methylation analysis,
1D and 2D Nucleai Magnetic Resonance (NMR) analysis and
thermal analysis.

MATERIALS AND METHODS

Materials

Sesame seeds (Sesamum indicum L.) were obtained from
the Sesame Research Center, Henan Academy of Agricultural
Sciences. After sieving to remove impurities, the seeds were dried
for 24 h at 40°C and then kept in a sealed container at 4°C
until decortication. Chemicals required for the assays, including

dextran standards and standard monosaccharides (p-glucose,
p-galactose, p-mannose,p-xylose,;,-rhamnose, -arabinose, p-
galacturonic acid, p-glucuronic acid) were purchased from Sigma
Chemical Co. (St. Louis, MO, United States). DEAE Cellulose-
52 was obtained from Solarbio Science and Technology Ltd.
(Beijing, China). All other chemical reagents were acquired
from Tianjin Chemical Reagents Co. Ltd. (Tianjin, China) of
analytical grade.

Sesame Wet Decortication Waste Liquor

Collection

In brief, 500 g of sesame seeds were soaked in 3 L of 0.25%
NaOH lye solution at 60°C for 5 min with stirring (500 rpm).
The mixtures were passed through a 60-mesh sieve, and the
sesame seeds were collected. After washing with rushing water
to eliminate the residual lye, the seeds were rubbed for 5 min to
decorticate the hulls. All hot-alkaline waste liquor was retained
for further analysis.

Reclamation of Crude Polysaccharide

Firstly, the collected waste liquor was filtered to remove
impurities. The pH of the filtrate was adjusted to 5.5, and
the solution was centrifuged at 4,000 rpm (Backman, Avanti
J-25, United States) for 15 min to precipitate sesame protein.
The supernatant was collected and concentrated by a rotary
evaporator (RE-3000A, Yarong Technology and Science Inc.,
Shanghai, China) and then precipitated with three times 95%
(v/v) ethanol; solutions were left to settle for 3 h. The insoluble
contents were collected by filtering through double layers of
filters; afterward, the precipitate was washed with 70% ethanol.
The precipitate was then decolorized with AB-8 macroporous
resin and deproteinized by the Sevag method (15). To remove
the salt and small molecule impurities, it was dialyzed for 3 days
against water (molecular weight cut-off Mw 3,500 Da) and lastly
lyophilized to obtain the refined crude polysaccharide (SSP).

Purification of the Polysaccharide

Fractions

The crude SSP (500 mg/mL) was further dissolved in distilled
water and separated on a DEAE cellulose-52 column
(2.6 cm x 30 cm) by eluting with 0, 0.1, 0.2, 0.3, 0.5, and
0.7 M NaCl solution at a rate of 10 mL/tube (1.5 mL/min). The
collected fraction was measured at 490 nm defining p-glucose
as a standard by the phenol-sulfuric acid method (16). The four
main fractions corresponding to the four concentrations of NaCl
solution (0.1, 0.2, 0.3, and 0.5 M), were collected and named
SSP-1, SSP-2, SSP-3, and SSP-4, respectively.

Characterization

Monosaccharide Composition Analysis

A total of 5 mg of each polysaccharide sample was hydrolyzed
by 3% H,SO4 at 105°C for 2.5 h. Samples were cooled to room
temperature, then filtered through a 0.22 pm pore membrane
filter. Subsequently, 1 mL of each extraction, diluted up to 3 mL
with distilled water, was analyzed by HPAEC (High-Performance
Anijon Exchange Chromatography) with a carbopac PA-1 ion
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exchange column (4.0 mm x 250 mm; Thermo Scientific Dionex,
Sunnyvale, CA, United States) and a Dionex ICS-3000 system
(Thermo Scientific Dionex, Sunnyvale, CA, United States).

Determination of Molecular Weight

High-performance gel permeation chromatography (1100 Series
HPLC, Agilent) was used to analyze the molecular weights of
the polysaccharide fractions. The HPLC was equipped with a
differential refraction index detector and a TSK-G3000 PWx;
column constantly kept at 30°C. Dextran standards of different
molecular weights (Dextran T1000, T500, T70, T40, T10, and T5)
were examined in turn to plot the calibration curve according
to the retention time and the logarithm of the corresponding
molecular weights.

Fourier-Transform Infrared Analysis

Fourier transform infrared (FT-IR) spectra of every dried sample
were determined using the KBr-pellet method with a Nicolet iN10
FT-IR spectroscope (Thermo Nicolet Corporation, Madison, W1,
United States), at frequencies ranging from 4,000 cm~! to 500!
with a resolution of 4 cm™! (17).

Methylation Analysis

The uronic acid reduction was carried out according to the
literature with minor modifications (18). 20 mg of polysaccharide
SSP-2 was dissolved in 5 mL of ice-cold 1 M imidazole-HCI, and
1 mL of 100 mg/mL NaBDy4 was added three times. Methylation
with methyl iodide (CH3I) was performed according to the
published report (19). The carboxyl-reduced sample was then
dissolved in 50 wm of DMSO/NaOH (60°C) slurry 50% (wt/wt)
without ultrasonic treatment. Once ionized, the polysaccharide
was treated with CH3I. The methylated residue was hydrolyzed
by treatment with 2 mL of 2 M TFA at 100°C for 6 h and was
evaporated to get rid of the excess acid. The acquisition was
finally acetylated with acetic anhydride and pyridine at 100°C
for 1 h with the addition of NaBHy as a reducing agent. After
acetylation, the resulting alditol acetates were analyzed with GC-
MS (gas chromatography-mass spectrometry) system equipped
with a DB-5 capillary column (0.25 mm x 30 m x 0.25 m,
Thermo Finnigan Co., Santa Clara, CA, United States).

1D and 2D NMR Spectroscopy

1D nuclear magnetic resonance (NMR) spectra analysis of SSP-2
was carried out using a 500 MHz Bruker Avance III nuclear
magnetic resonance instrument (Germany) with each sample
dissolved in 1 mL of 99.8% D,0O. Two-dimensional spectra,
including HSQC (heteronuclear single quantum coherence
spectroscopy), COSY ('H-'H correlated spectroscopy),
and HMBC ('H detected heteronuclear multiple bond
correlation spectroscopy) experiments were also ascertained by
standard Bruker procedures at 25°C according to our previous
method (20).

Thermal Analysis

Thermogravimetric analyses were performed on an SDT Q600
Simultaneous Thermal Analyzer (TA Instruments, United States)
in a nitrogen atmosphere at 100 mL/min and scanned from 45°C
to 700°C at a heating rate of 10°C/min.

DPPH Radicals Scavenging Activity

The 2,2 Diphenyl-1-picrylhydrazyl (DPPH) radicals scavenging
activity of SSPs was measured according to the previous report
(21). Briefly, 1.0 mL of SSPs solution at different concentrations
was added to 3.0 mL 0.1 mM DPPH in methanol and incubated
at room temperature for 60 min in the dark. The absorbance was
determined using a microplate reader at 517 nm, and ascorbic
acid was used as a positive control and antioxidant standard. The
DPPH radical scavenging activity was calculated according to the
following equation:

DPPH radical scavenging activity (%)
= [1—(Ay —A1)/Ap] 100%

Where A is the absorbance of the blank, in which distilled
water was used in place of the sample, A; is the absorbance of the
test sample solution, but the dehydrated alcohol instead of the
DPPH solution. A; is the absorbance of the sample solution.

Iron Chelating Activity

The iron chelating activity of the polysaccharides was evaluated
according to the method described by Shao et al. (22). Briefly,
the reaction mixture containing 50 pL of SSPs at various
concentrations, 100 pL of FeSO4-7H,0 (0.5 mM), and 50 pwL
of ferrozine (5.0 mM), was distributed into a microplate.
The mixture was incubated at room temperature for 30 min,
using EDTA-2Na as the blank. After that, the absorbance was
determined immediately at 562 nm. The iron chelation potential
was expressed as the percentage inhibition and was calculated by
the following equation:

Fe?t chelating ability (%) = (1 — As/A)100%

Where Ag is the absorbance of the sample, and Ag is the
absorbance of the blank, in which distilled water was used in
place of the sample.

RESULTS AND DISCUSSION

Reclamation and Purification of
Polysaccharide Fractions

The hot-alkaline waste liquor was obtained simulating the
soaking process of wet decortication as described in section
“Sesame Wet Decortication Waste Liquor Collection.” The total
yield of the crude polysaccharide SSP from the waste liquor
was about 0.3% (based on dry matter of the sesame seeds)
after extraction, ethanol precipitation, removal of proteins,
dialysis, and lyophilization. Four main fractions were produced
by fractionation with distilled water and NaCl solutions and
were collected by preparative size-exclusion chromatography on
a DEAE-52 column based on the total carbohydrate elution
profile (Figure 1A). Following concentration, dialysis, and
lyophilization, SSP-1, SSP-2, SSP-3, and SSP-4 fractions were
finally obtained. They accounted for 15.7, 53.9, 12.1, and 11.8%
of the total SSP content, respectively. SSP-1, SSP-3, and SSP-
4 were each eluted as single and sharp symmetrical peaks,
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which indicated their homogeneity. In contrast, the main fraction
SSP-2 showed a shoulder on both the DEAE-52 column and
GPC chromatographs, suggesting it was a polydispersed system
composed of more than one compound.

Monosaccharide Compositions of the

Polysaccharides

For the monosaccharide composition analysis, the molar
content of each monosaccharide preparation was identified
by comparison with monosaccharide standards; results are
given in Table 1. The result indicated that all of the sesame
polysaccharide fractions were rich in galactose and xylose,
with notable differences in other chemical components. For
instance, the monosaccharides of SSP-1, which was eluted by
distilled water, markedly differed from the other three fractions.
SSP-1 was neutral with no acidic sugar detected. The other
fractions (SSP-2, SSP-3, and SSP-4) eluted at concentrations of
0.1, 0.2, and 0.3 M NaCl, respectively, and contained 8.2, 4.4,
and 7.5% uronic acid, respectively. These results match those
obtained by Hokputsa (23). Furthermore, glucose (28.4%) and
mannose (11.2%) were the dominant components in SSP-1, while
arabinose (29.1%) and galactose (23.9%) were the dominant
components in SSP-2. Both SSP-3 and SSP-4 were mainly made
up of galactose and xylose in molar ratios of 33.4:42.6 and
37.3:21.5, respectively. The high percentages of galactose, xylose,
and arabinose with some mannose in the SSP fractions were
considered to indicate correspondingly more arabinoxylan and
galactomannan in sesame polysaccharides, whereas other sugars,
presenting in lower amounts, might originate from different
kinds of polysaccharides (24).

Average Molecular Weight

The homogeneity and average molecular mass of each purified
fraction were calculated based on the calibration curve made
with a group of standard dextran determined by HPLC. As
shown in Figure 1B, molar mass distributions of SSP-1, SSP-
3, and SSP-4 as shown by HPLC had narrow and symmetrical
peaks, thus confirming their homogeneity. According to the
calibration curve, 1 g Mw = -0.33t + 10.9 (R? = 0.996) (where
t is the retention time, and R? represents the fitting coefficient);
the average molecular weights of SSP-1, SSP-3, and SSP-4 were
determined to be 3,300, 3,370, and 3,400 Da, respectively.
However, the HPLC profile of SSP-2 appeared to be bimodal in
shape. SSP-2 consisted of a polysaccharide calculated as 10,910 Da
with a retention time of 21.2 min and another calculated as
3,500 Da with a retention time of 22.7 min. SSP-2 represented
a large proportion of SSP, owing to both its high molecular
weight and high content, shown as the large peak area in the
elution profile. Nastaran et al. (25) suggested that the presence
of NaOH would increase the degradation of the polysaccharides,
thereby also increasing the quantity of low molecular weight
(<50 kDa) polysaccharides. Carbonell-Barrachina et al. (8)
observed that alkaline extraction relatively easily dissolved the
polysaccharides with high molecular weights, while the lower-
molecular-weight polysaccharide fractions were likely to be
extracted with milder conditions like DMSO treatment (26).

Thus, one possible explanation for the relatively low molecular
weight is that the mild dehulling conditions combined with
the alkaline degradation of polysaccharides counteracted the
extraction effects of alkali liquor.

Fourier-Transform Infrared Analysis
Fourier-Transform Infrared spectroscopy, an effective analytical
technique, is based on the fact that bonds and functional
groups vibrate at characteristic frequencies (27). As shown in
Figures 1C-F, the purified fractions from SSP had similar
characteristic absorption peaks at around 3,397, 2,921, 1,632,
1,420, 1,119, 863, and 624 cm™!, indicating that the structure
did not obviously change during elution of the polysaccharides.
The FT-IR spectra showed a strong and broadband at 3,411 cm ™!
assigned to the O-H stretching vibration of the polysaccharides,
while the peak at 2,926 cm~! was attributed to the C-
H stretching vibration (28). In good accord with the sugar
composition, in the spectra for all the fractions except SSP-
1, the symmetrical and asymmetrical stretching vibrations
of the carboxylate group similarly showed two clear intense
bands at 1,424 and 1,632 cm™! (29, 30). Furthermore, the
carbohydrates showed high absorbencies within the region of
1,200-1,000 cm ™!, indicating the presence of galactopyranose in
the main chain (31, 32). The spectra of all four polysaccharides
lacked a signal at 1,730 cm™! for carbonyl stretching, which
indicated that the mild dehulling process entirely saponified the
acetyl groups and methyl esters.

Methylation Analysis

As listed in Table 1, SSP-2 was composed of rhamnose, arabinose,
galactose, glucose, xylose, glucuronic acid, and galacturonic
acid in the molar ratio of 16.3:29.1:23.9:9.0:13.5:6.2:2.0. To
determine the monosaccharide linkages, SSP-2 was further
methylated and hydrolyzed into alditol acetate derivatives, and
then determined by methylation analysis (shown in Table 2
and Supplementary Figure 1). The analysis indicated that the
dominant modes of linkages were —5)-1-Araf-(1—, —2,4)-p-
Xyl-p-(1—, —2)-p-GlcpA-(1—, —4)-p-Glcp-(1— and —6)-
p-Galp-(1—, accompanied by small amounts of —2,3,4)-
p-Xylp-(1—, —2)-1-Rhap-(1—, —4)-1-Arap-(1—, —3,5)-1-
Araf-(1—, —3)-p-Galp-(1—, —3,6)-p-Glcp-(1— and —2,4)-
p-Galp-(1—. The major terminal linkages, which attached to the
branch-points of the backbone, were detected as T-p-Galp, T-
L-Araf and T-;-Rhap residues. A tiny bit of —3)-1-Rhap-(1—,
—3,4)-.-Rhap-(1— and —2,3)-1-Arap-(1— were also detected
(each contain <2.2% of the total peak area). The results showed
that the repeating elements of SSP-2 mainly consisted of a (1—5)-
Araf backbone with branches consisting of many (1—2,4)-Xylp
residues attached to O-3 of some xylose or a (1—2,4)-Xylp
backbone with branches consisting of many (1— 5)-Araf residues
attached to O-4 of some xylose residues. The existence of large
quantities of (1—2,3,4)-linked xylose suggested that the SSP-2
fraction is highly branched. According to the relative amounts
of (1—2,3,4)-linked xylose, the theoretical branch ratios at the
C-3 of the backbone arabinose may be approximately 64.8%.
Similarly, 38.7% of (1—5)-linked arabinose were substituted
at O-3 positions to form (1—3,5)-linked arabinose moieties.
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TABLE 1 | Composition of monosaccharides in polysaccharides obtained from the waste liquor produced by wet decortication of sesame seeds.

Fractions Monosaccharide composition (%)

Rha? Ara? Gal? Glc? Xyl? Man? GlcA? GalA?
SSP-1 9.3 5.9 29.8 28.4 15.4 11.2 naP ndP
SSP-2 16.3 29.1 23.9 9.0 13.5 nd® 6.2 2.0
SSP-3 na® 14.6 33.4 5.0 42.6 ndP® 4.4 ndP
SSP-4 151 8.7 37.3 5.6 21.5 4.2 4.5 3.0

4Rha, rhamnose; Ara, arabinose; Gal, galactose; Glc, glucose; Xy, xylose; Man, mannose; GIcA, glucuronic acid; GalA, galacturonic acid.

bnd, not detected.
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TABLE 2 | Methylation analysis of SSP-2.

Methylated sugar Linkages Molar ratio (%)
2,3,4-Mez-Rhap? T-L-Rhap-(1— 8.9
3,4-Me-Rhap —2)-_-Rhap-(1— 46
2,4-Mep-Rhap —38)- -Rhap-(1— 2.0
2-Mey-Rhap —3,4)-L-Rhap-(1— 22
2,3,56-Mez-Araf T--Araf-(1— 9.0
2,3-Mep-Arap —4)-L-Arap-(1— 43
2,3-Mey-Araf —b)--Araf-(1— 10.4
4-Mey-Arap —2,3)-L-Argp-(1— 1.8
2-Me1-Araf —3,5)-_-Araf-(1— 4.0
2,3,4,6-Mey-Galp T-p-Galp-(1— 13.0
2,4,6-Me3-Galp —3)-p-Galp-(1— 3.8
2,3,4-Me3-Galp —6)-p-Galp-(1— 5.4
3,6-Me,-Galp —2,4)-p-Galp-(1— 26
2,3,6-Me3-Glcp —4)-p-Glop-(1— 5.7
2,4-Mep-Glcp —3,6)-p-Glop-(1— 3.3
3-Me+-Xylp —2,4)-p-Xylp-(1— 7.7
XylpP —2,3,4)-p-Xylo-(1— 5.0
3,4,6-Me3-GlcpA —2)-p-GlepA-(1— 6.2

42,3,4-Mez-Rhap, 1,5-di-O-acetyl-6-deoxy-2,3,4-tri-O-methyl-; -mannitol, ect.
bXxylp = 1,2,3,4,5-penta-O-acetyl xylitol.

Theoretically, 32.0% of the glycosyl residues presented as branch
points, and 30.9% of terminal residues were detected. The result
was in accord with the expectation that the sum of all the terminal
residues should be roughly equal to the sum of branch point
residues (33). According to the result, although not entirely
identical, the proportions of the methylated derivatives were
consistent with the polysaccharide monosaccharide composition.

NMR Spectroscopy

The main structural features of SSP-2 were further confirmed
from the results of a combination of 1D and 2D NMR analysis,
shown in Figures 2A-E, which revealed detailed structural
information such as o- or B- configurations, monosaccharide
composition, and sugar linkage patterns (34). The 'H NMR
spectrum (Figure 2A) demonstrated that the chemical shifts of
anomeric protons present in the region from 4.43 to 5.30 ppm
were higher or lower than 5.0 ppm, which indicated that both «-
and B- anomeric configurations were present in the SSP-2 fraction
(35). The typical signals at the high field (1.17-1.23 ppm) were
attributed to the ~CH3 (C6) of rhamnose (36). The *C NMR
spectrum (Figure 2B) of SSP-2 showed anomeric carbon signals
corresponding to the proton signals from 97.68 to 109.34 ppm
and multiple non-anomeric carbon signals in the region of 59.90
to 84.87 ppm. The corresponding chemical shifts of rhamnose
for -CHj3 (C6) at 16.77 and 16.91 ppm in the >C NMR spectrum
can be assigned according to the HSQC spectrum (Figure 2D).
Furthermore, the peaks in the range of 174.99 to 176.87 ppm
could be attributed to the carboxyl carbons of GlcpA (37).

The detailed sugar ring carbon/hydrogen signals were
determined as far as possible by combining the results of
methylation analysis, HSQC, COSY, and HMBC experiments
with the literature data. In addition, the relative configuration
of the residues was established on the basis of the characteristic

chemical shifts of the anomeric carbons. By comparison with
the results of the HSQC experiment, seven clear signals in the
anomeric region of the 'H NMR spectrum were observed, which
could be attributed to anomeric protons. These seven resonances
at 4.43-5.30 ppm were designated as A (H1)-G (H1) according
to the decreasing chemical shifts of their anomeric protons.
Other chemical shifts of sugar residues were not detected in the
spectrum as described in the methylation analysis due to their
relatively low content. To further confirm the detailed proton
signals (Table 2), the corresponding sugar residues’ chemical
shifts were assigned based on the COSY spectrum (Figure 2C)
and the literature. The proton chemical shifts of residues A, B,
E and G showed H-1 up to H-6 correlations, and the other
residues (C, D, and E) were assigned in turn from H-1 to H-
5 (Table 3). In succession, the carbon signals corresponding to
the assigned protons were identified from the cross-peaks in the
HSQC spectrum. The corresponding residues were tentatively
assigned to (1—4)-a-p-Glcp (A), (1—2)-a-L-Rhap (B), (1—5)-
a-p-Araf (C), T-a-p-Araf (D), (1—2,4)-B-p-Xylp (E), T-B-p-
Galp (F) and (1—2)-B-p-GlcpA (G), which was consistent with
the methylation results and literature data ((38); Q. (37, 39-42)).
According to the linked positions of the residues shown by the
cross-peaks, the chemical shifts of individual residues produced
by 'H-'H COSY and HSQC spectra were verified by the HMBC
experiments. For instance, the H-5/C-6 signal of a long-range
correlation appeared at 4.23/176.87 ppm in the HMBC spectrum
(Figure 2E); hence the corresponding residue of this sugar could
be identified as GlcpA.

Quite apart from confirming the above assignments, HMBC
NMR analysis was used to clarify the linkages between the
structural fragments. Both intra- and inter-connections among
these different sugar residues were determined according to all
the information given by the cross-peaks between anomeric
protons and non-anomeric carbons of every sugar residue in
HMBC. The cross peak for H-1 of (1—4)-a-p-Glcp and C-4
of (1—2,4)-B-p-Xylp was observed, indicating that (1—4)-a-
p-Glep is connected to the O-4 position of (1—2,4)-B-p-Xylp.
Similarly, H-1 of (1—2)-a-1-Rhap is linked to the O-4 position
of (1—-4)-a-p-Glep and (1—2,4)-p-p-Xylp; both H-1 of (1—2)-
a-1,-Rhap and (1—5)-a-1.-Araf are connected to the O-2 position
of (1—2)-a-1-Rhap; and H-1 of (1—2,4)-B-p-Xylp is linked
to its O-2 position. H-1 of T-a-1-Araf was linked to the O-4
position of (1—2,4)-a-p-Xylp as indicated by a cross peak at
4.94/77.27 ppm (H-1 of Araf and C-4 of (1—2,4)-a-p-Xylp), and
(1—2)-p-p-GlcpA were linked to the O-5 position of (1—5)-
a-1-Araf at 4.43/76.71 ppm (H-1 of GlcpA and C-5 of Araf).
Similarly, H-1 of T-B-p-Galp was both connected to the O-4
position of (1—2,4)-a-p-Xylp and the O-2 position of (1—2)-
B-p-GlcpA as indicated by a cross peak at 4.53/77.27 ppm
(H-1 of Galp and C-5 of (1—2)-B-p-GlcpA) and another at
3.37/101.46 ppm (H-1 of Galp and C-2 of (1—2)-B-p-GlcpA).
And the cross peak present at 1.23/70.05 ppm (H-6 of and C-
5 of Rhap) concurred with the structure of (1—2)-a-1-Rhap.
Based on the results above, a possible structure for SSP-2 is
proposed as shown in Figure 2F. It is difficult to distinguish all
the linkage patterns of the polysaccharide via NMR owing to its
high degree of branching.
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TABLE 3 | Summary of 'H and '3C chemical shifts (5,ppm) for SSP-2.

Residues H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6
A —4)-ap-Glop-1— 530 353 335 383 395 325
107.76 7717 7140 6879 6957 7231
B: —»2)-a- -Rhap-(1— 520 406 382 335 378 123
100.34 83.95 7371 6286 70.05 16.77
C: —5)-a- -Araf-(1— 502 408 371 421 383
107.65 80.89 68.80 7043  76.71
D: T-a--Araf-(1— 494 3586 419 364  3.84
97.80 78.84 6850 69.82 81.60
E:—2,4)-Bp-Xylp-1— 456 345 364 3.86  4.08
103.85 73.85 69.66 77.27 80.89
F: T-p--Galp-(1— 453 335 407 387 419 365
101.46 7212 7623 7364 81.40 7257
G: »2)-p-p-GlcpA-(1— 443 337 357 373 315 423
101.91 59.87 7140 7005 8241 176.87

Thermal Analysis

Thermal stability is a critical characteristic that determines
applications. TG and DTG analyses were conducted to assess
the thermal behavior of the samples and to figure out how
thermal transitions associated with evaporation, decomposition,
and oxidation could affect the structure (43). The residual mass of
the prepared samples was measured as a function of temperature,
as shown in Supplementary Figure 2. Peak temperatures for all
of the derivative curves similarly showed two main stages of loss
of mass. These values were susceptible to changes depending on
the chemical composition, degrees of polymerization, molecular
weight, and branching of the samples. There was a weight loss
less than 17% at the first stage in the period of 100-150°C, which
could be explained by the dissociation of absorbed and structural
water and which coincided with the existence of hydrophilic
groups in each polysaccharide (44). The second stage, including
endothermic peaks between 150 and 550°C, was due to the heat
degradation of the polysaccharides. Differences among samples
could be observed in this stage. The results showed that SSP-
1, with a higher Man/Gal ratio, had a high decomposition
temperature, which was consistent with the literature (45). Na
and Lee showed that high mannose content resulted in the
greater binding energy of the polysaccharide chains. The slower
degradation at the end of the second stage finished at 550°C
with a large quantity of char, which was related to the inorganic
compounds and volatile decomposition products in the samples,
such as hydroxyl and carboxyl groups (46).

Antioxidant Activity and the

Structure-Activity Relationship

DPPH Scavenging Activity

The scavenging of DPPH radicals could be used to indicate the
hydrogen-donating ability of the purified polysaccharides. As
shown in Figure 3A, the scavenging activity of SSP-1, SSP-2,
SSP-3, SSP-4, and V¢ against the DPPH radical was monitored
at 517 nm. As can be seen, SSP-2 showed better scavenging
activity of DPPH radicals than the other three polysaccharides.
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FIGURE 3 | DPPH radical scavenging assay (A) and ferrous ion chelating
ability assay (B).

However, the scavenging activity in all concentrations ranging
from 0.1 to 1.0 mg/mL was no more than 25%, which was
much lower than that of Vc. Niu (47) reported that the alkali-
soluble heteropolysaccharide from pentaphyllum Makino showed
lower absorbance capacities for DPPH than the water-soluble
polysaccharide and the DPPH radical scavenging capacity of the
alkali-soluble polysaccharide was calculated to be 2 wmol TE/g.
The chemical structures, molecular weights, and monosaccharide
compositions of the alkali-soluble polysaccharide were different
from the polysaccharide extracted with hot water, which will
result in different antioxidant activities.

Iron Chelating Activity

Fe?* is a powerful pro-oxidant with active reactivity and
it involves in the Fenton reaction which leads to the
oxidation of lipid and protein. Therefore, the chelating activity
of polysaccharides can be used as an obvious indicator
of antioxidant capacity (48). The correlation between the
concentration of the polysaccharides and their chelating activities
to Fe?T is shown in Figure 3B. This result indicated that the
SSPs represent concentration-dependent chelation ability and
SSP-3 had the best chelating ability with a chelating rate of
80.5% at the concentration of 3.0 mg/mL. At concentration
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of 3.0 mg/mL, the chelating rates of SSP-1, SSP-2 and SSP-4
were 53.7.5, 21.5, and 63.0%, respectively. The results indicated
that all of the SSPs possessed powerful Fe>* chelating ability,
which is still weaker than that of EDTA. The formation of SSPs
-Fe** complex inhibited the occurrence of Fenton reaction,
therefore the generation of hydroxyl radical is reduced. However,
the way in which structure affects the antioxidant activities
remains unknown.

Correlation of Structure and Antioxidant Activity

The biological activities of polysaccharides were mainly related
to their molecular weight, monosaccharide composition,
sulfate content, glycosidic linkage, and chain structure (49).
Although the relationships between function and structure of
polysaccharides remained unclear, some evidence can be inferred
from our study as follows.

It is widely known that polysaccharides possess antioxidant
effects due to the number of reductive hydroxyl groups in
their structure. And polysaccharides with low molecule weight
is more likely to present a stronger reducing power, because
they may have a higher content of reducing end (available
active hydroxyl group terminals) to accept and eliminate the free
radicals. However, molecule weight is certainly not the deciding
factor of the antioxidant effects. In our study, the SSP-2 fraction
with a higher molecule weight (10.9 kDa) presented better DPPH
scavenging activity than the other fractions, which was consistent
with an investigation by Liang et al. (50). It was found that
fraction MDP-2 with a higher molecule weight (1,700 kDa) from
the Mycena dendrobii has better antioxidant activity than fraction
MDP-1 (602 kDa).

In addition, the discrepancies of biological activities between
the four fractions were probably owing to the difference in the
ratio of monosaccharides. Their DPPH scavenging activities are
in the order of ascorbic acid > SSP-2 > SSP-3 > SSP-4 > SSP-1,
suggesting the probable relationship between the polysaccharides
and their xylose content. And SSP-2 performed better in DPPH
scavenging activities may be due to its high uronic acid content
(51). At concentration of 3.0 mg/mL, the ferrous ion chelating
activity of SSP-1, SSP-2, SSP-3, and SSP-4 are concentration-
dependent and are in the order of SSP-3 > SSP-4 > SSP-1 > SSP-
2. In addition, the xylose content in them was determined in
the same order, indicating that the chelating ability of the four
polysaccharides was probably due to their xylose content.

CONCLUSION

Four polysaccharide fractions (SSP-1, SSP-2, SSP-3, and SSP-
4) were purified from the waste liquor obtained by simulating
the soaking process of wet decortication of sesame seeds.
Structural analysis revealed that the polysaccharides reclaimed
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