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Abstract

Background The Citrus reticulata Blanco peels have been widely adopted as functional food or nutraceuticals

for thousands of years. In our study, two polysaccharides from the C. reticulata Blanco peels were obtained and named
as CRP-WA and CRP-02A, respectively. After characterization by monosaccharide composition, methylation and NMR,
chemical structures of CRP-WA and CRP-02A were elucidated.

Results As a result, CRP-WA with Mw of 32.8 kDa was an arabinogalactan polysaccharide composed of (31— 3)
(B1—3,6)-D-Galp, (B1—4)-D-Manp and (31— 4)-D-Glcp units in the backbone. The CRP-02A with Mw of 70.5 kDa
was an arabinogalacturonan type pectin formed by (a1 —4) (a1 — 3,4)-D-GalpA units in the backbone. Moreover,
the surface morphologies and rheological properties of CRP-WA and CRP-02A were quite different from each other.
Both of these two polysaccharides possessed good antioxidant activities and immunoregulatory effects on RAW 264.7
cells, in which CRP-02A behaved remarkable antioxidant feature, whereas CRP-WA showed relatively high immu-
noregulatory activity.

Conclusion Our study will provide fundamental information for C. reticulata Blanco-based nutritional foods
development.
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effects
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Introduction anticancer [5], antioxidant [6] activities, liver protection

There has been enormous interest in the development
of pectin as the most valued hydrocolloid in many fields
recently [1]. The earliest study on pectin started in 1926
extracted from peels of citrus fruit [1]. Citrus reticu-
lata Blanco is evergreen shrub that becomes the most
important cash crop of Rutaceae. In China, it is mostly
distributed in the south of the Qinling Mountains to the
Huaihe River. As for the cultivated varieties of Citrus
reticulata Blanco, there are 3 varieties [2], including Cit-
rus reticulata cv. Dahongpao, Citrus reticulata cv. Tan-
gerina as well as Citrus reticulata Blanco cv. Chachiensis
cultivated in Chongqing, Fujian and Xinhu, respectively,
in China. Many parts of Citrus reticulata Blanco can be
used as medicine, such as immature peels as “Qingpi’,
mature peels as “Chenpi’; seed as “Juhe’, leaves as “Juye’,
and the vascular bundle between mesocarp and endocarp
as “Juluo” in Chinese for a long history [3]. The ripe peels
of C. reticulata Blanco was recorded to resolve phlegm
and eliminate dampness, and also was adopted as herbal
tea or health-benefit beverage for promoting digestion,
treating cough and phlegm, etc. [4].

Current pharmacological researches indicate that
the peels of C. reticulata Blanco have multiple bioac-
tivities, including regulation of gastrointestinal function,

effect [7] and adjust the blood lipid level [4, 8, 9]. The sec-
ondary metabolites from the C. reticulata Blanco peels
including flavonoids, alkaloids, and essential oils have
been thoroughly studied and proven to be the impor-
tant bioactive components [4]. In addition to these
compounds, the primary metabolites including polysac-
charides in the peels are also vital bioactive constitu-
ents and greatly associated to their health benefits [10].
Importantly, when used as Chinese medicine, the peels
of C. reticulata Blanco are commonly extracted by boil-
ing water, therefore, the soluble components, particularly
polysaccharides accounting for 80% of the total, should
be responsible for their bioactivities. Studies on peels
of C. reticulata Blanco cv. Chachiensis polysaccharides
were conducted by [11] and [12]. Further studies are still
necessary to dig out more information on the polysac-
charides by different isolation and purification methods.
Pectin has been widely explored on its versatile struc-
tures and biological activities [13]. Pectin is a kind of
GalpA-rich polysaccharide, which has different domains
including homogalacturonan, rhamnogalacturonan-I,
rhamnogalacturonan-II, xylogalacturonan (XGA) and
arabinogalacturonan regions [1]. In which, the arabi-
nogalacturonan domain comprises the GalpA with side
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chains of some arabinose and arabinogalactan; whereas,
the arabinogalactans (AG) domain has two model types,
including linear (f1—4)-D-Galp (Type I AG) [14] and
(B1—3) (B1—6)-D-Galp units (Type II AG) [15]. The
side chains of AG domain are attached through O-3 of
(B1—4)-D-Galp (Type I AG) or through different sites of
(B1— 6)-D-Galp units (Type II AG) [15]. The functional
attributes of pectin critically rely on its chemical struc-
ture, and their diverse structures are critically influenced
by the source of the plant as well as by the method of
extraction and separation.

However, correlation information is still scarce on the
chemical and functional properties of the neutral and
pectic polysaccharides isolated from the C. reticulata
Blanco peels. To gain an additional fundamental under-
standing of C. reticulata Blanco, our study highlighted
the different chemical structures of arabinogalactans
and arabinogalacturonan type pectin isolated from the
peels with the same extraction procedure but different
purification methods. The structure-dependent physico-
chemical, antioxidant and immunoregulatory properties
were compared. The potential functional uses of these
polysaccharides were unraveled. Our study will provide
fundamental information for C. reticulata Blanco-based
nutritional foods development.

Materials and methods

Materials and reagents

The dried and ripe peels of Citrus reticulata Blanco were
bought from Bozhou Yinpian Co., Ltd (Anhui, China).
DE-52 (BRS008) and Carbohydrate Methylation Kit and
were obtained from Yangzhou Borui Saccharide Co., Ltd
(Yangzhou, China). 50% NaOH solution for monosac-
charide composition study was bought from Alfa Aesar.
Dextran standards and monosaccharide standards were
bought from Sigma-Aldrich (St. Louis, MO, USA). D,O
and Aceton-D,; were bought from Aladdin (Shanghai,
China). All other reagents used were of analytical grade.

Purification of C. reticulata peel polysaccharides

Extraction of crude CRP

The white piths of the ripe Citrus reticulata Blanco peels
were removed before polysaccharide extraction. The
peels were sliced into pieces and suspended in absolute
EtOH overnight at room temperature to remove the pig-
ments. Then, the dried small pieces were suspended in
10 volumes of hot water and boiled for 3 times. After
centrifugation at 1000 rpm, the insoluble fractions were
discarded, and the supernatant were collected and pre-
cipitated by adding EtOH at a final EtOH concentration
of 80% and the residues were collected and concentrated.
Sequential procedure to remove the proteins and the
small molecules were carried out by Sevag procedure
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(chloroform/n-butanol, v/v=5:1) and dialysis (MWCO
1000 Da) to remove impurities (Additional file 1: Fig. S1).

Fractionation of crude CRPs

The crude polysaccharides from peels of Citrus reticulata
Blanco (CRPs) were further purified by two sequential
steps. Initially, the crude CRP polysaccharides were puri-
fied according to the anion-exchange method. Samples
were firstly prepared at 10 mg/mL and subjected onto a
DE-52 cellulose anion-exchange column (id. 2.6 X 30 cm)
and eluted with water and NaCl solutions. The elutes
were separately collected by a fraction collector (Shen-
zhen Borui Saccharide Co., Ltd, China) and detected by
phenol sulfuric assay using microplate reader (Multiskan
MK3, ThermoFisher, USA) at 490 nm wavelength.

Then, the collected water and 0.2 M NaCl eluted frac-
tions (CRP-W and CRP-02) were additionally purified
according to the size-exclusion chromatography method.
The CRP-W and CRP-02 fraction were separated by
using a GPC-autopurifier system (BRT-GS, Borui Sac-
charide, China, www.polyscilife.com). The system was
equipped with a RI-502 detector (Shimadzu, Japan) to
monitor the eluting fractions and an appropriate gel col-
umn (2.6 X 70 cm, Borui saccharide, China) to obtain the
homogeneous polysaccharide. The system was eluted by
0.2 M NaCl, and the appropriate fractions were com-
bined by the chromatography results, and concentrated,
dialyzed and lyophilized. Two sub-fractions (denomi-
nated as CRP-WA and CRP-02A) were finally enriched
for further structure, physiochemical properties and bio-
activity studies.

Structural characterization of CRPs

Average molecular weight determination by HPGPC

The polysaccharide solution of 3 mg/mL was prepared by
dissolving appropriate amount of CRPs sample in 0.05 M
NaCl followed by centrifugation. Then, the superna-
tant was subjected to HPGPC system assembled with a
RI detector (RI-10A, Shimadzu, Japan). The column was
a tandem BRT 105-104-102 (8*300 mm, Borui Saccha-
ride, China). The previous eluted method was adopted
[16]. Commercially available dextran standards (Mw
from 5220 to 148,000 Da) were used to calibrate the col-
umn. The molecular weights of CRP-WA and CRP-02A
were calculated by comparing the retention time to the
standards.

Monosaccharide analysis by HPAEC

CRP polysaccharides were firstly hydrolyzed by 3 M TFA
at 120 °C. After hydrolyzation for 3 h, the hydrolyzed
product was dried under nitrogen air stream, redis-
solved with water and centrifuged. Then, the hydrolysate
and standard monosaccharides were subjected onto
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a CarboPac PA-20 column (3 mmx150 mm, Dionex,
Thermo Fisher Scientific). The saccharide constitutes
were identified based on their retention time to the
standards and data were collected using Chromeleon 7.2
SR4 software.

The total uronic acid content determination

The total uronic acid content (UAC) was determined
by the traditional carbazole-H,SO, method with galac-
turonic acid as a standard according to the previous
method with slight modification [17]. Briefly, 0.125% car-
bazole were prepared by adding 125 mg of carbazole into
100 mL of absolute ethanol. A galacturonic acid standard
series (0.03125, 0.0625, 0.125, 0.25, 0.5, 1 mg/mL) were
prepared with distilled water. CRP-02A was prepared
at 0.5 mg/mL in a test tube. Then, 300 puL of sample or
standard solutions were placed in a test tube, 1.5 mL of
concentrated sulfuric acid containing 25 mM sodium
tetraborate was carefully added. Then, the test tubes were
incubated in boiling water bath for 5 min. After cool-
ing to the room temperature, 50 pL of 0.125% carbazole
solution was added and boiled for 5 min as well. After
cooling to the room temperature, the absorbance of the
mixed solution was measured at 540 nm wavelength by
a microplate reader (Bio-Tek Synergy2, USA). Based on
the absorbance of the standard, the calibration curve was
obtained. Then, the UAC of CRP-02A was calculated
according to the calibration curve equation of y=2.0976
x+0.3034(R*=0.9905) (Additional file 1: Fig. S2).

FT-IR and UV spectroscopic analysis

FT-IR spectrogram of polysaccharides was recorded by
a FT-IR 650 spectrometer (Tianjin Gangdong, China)
at 25 °C with spectral range from 400 to 4000 cm™'. In
addition, 0.5 mg/mL of the polysaccharides solution was
scanned by a microplate reader (Bio-Tek Synergy2, USA)
at 25 °C with the wavelength range from 200 to 700 nm.

Methylation analysis

The uronic acid was reduced prior to methylation accord-
ing to the method described by previously reported
protocol [18]. After reduction of the uronic acid, the
CRP-WA and CRP-02A were methylated based on the
classical method of [19]. A carbohydrate methylation kit
(Borui Saccharide Biotech. Co., Ltd, Yangzhou, China)
was used according to the manufacturer’s instructions
and our previous study [16]. The glycosidic linkage iden-
tification of CRP-WA and CRP-02A was conducted
by analysis of the partially methylated alditol acetates
(PMAA) by a QP-2010 GC-MS system (Shimadzu,
Japan) according to our previous method [16].
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NMR spectroscopic analysis

The dried CRP-WA and CRP-02A were dissolved in
D,0O (99.99%D, Alading, China) and lyophilized. The
deuterium exchange was repeated in triplicate. Then,
the samples were prepared in D,O at a concentration of
60 mg/mL for NMR analysis by using a Bruker Avance
III HD 600 MHz spectrometer. Both of the mono- and
bi-dimensional NMR spectra were collected. Chemical
shifts of the CRP-WA and CRP-02A were expressed as
d (ppm). The chemical shifts were referenced relative to
the DOH signal at §;; 4.70 ppm. All the NMR spectra
were analyzed in MestReNova 14.1.1.

Atomic force microscope (AFM) and SEM analysis

Surface morphology structure of the CRP-WA and
CRP-02A were investigated with AFM and SEM. In
detailed, the 2D and 3D morphology of the CRP-WA
and CRP-02A were characterized by a Bruker Dimen-
sion Icon AFM (Dimension ICON, Bruker, USA). More-
over, the microstructure of the polysaccharides surface
was examined by using a GeminiSEM 300 (Carl Zeiss,
Germany). The freeze-dried CRP-WA and CRP-02A
was immobilized on aluminum stubs by double-phase
tape and covered with gold for image record. Samples
were examined under 5 kV accelerating voltage.

Congo red test and circular dichroism (CD) analysis

The conformation of the CRP-WA and CRP-02A was
examined by the Congo red method [20] and CD. Cir-
cular dichroism spectroscopy analysis was conducted
by using a spectropolarimeter (JASCO J-1500, Tokyo,
Japan). Polysaccharides (5 mg) were completely dis-
solved in deionized water and scanned under 190-
260 nm in cells with a 0.1 nm path length. The raw data
were graphed by Graphpad V6.01 software.

Rheological tests

The rheological properties of CRP-WA and CRP-02A
polysaccharides were tested by a Discovery HR-10
rheometer (TA Instruments, USA) attached with a
thermal controller system (TC Peltier) and a 60 mm
parallel Peltier. The polysaccharides were prepared
at 1% and 2.5% (w/v) in deionized water by dissolv-
ing samples for overnight at 25 °C under continuous
stirring to ensure complete solubilization. The shear
viscosity of all the samples was measured under Flow
Sweep mode with shear rate between 0.1 and 100 s™! at
25+ 1 °Cin triplicate.

Antioxidant activities of CRPs
The method reported by [21] was adopted to evalu-
ate the antioxidant capacity of CRPs against the DPPH
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free radical. The hydroxyl radical scavenging capac-
ity of CRPs was determined according to the previous
method [22]. The method reported by [23] was used to
assess the ferric reducing capacity of CRP polysaccha-
rides with slight modification. The method reported by
[24] was used to determine the ABTS radical scaveng-
ing capacity of CRPs accordingly.

Immunoregulatory activities of CRPs

Cell viability test

RAW 264.7 cells were cultured with DMEM medium
supplemented by 10% fetal bovine serum (FBS) and 1%
P/S (penicillin and streptomycin) under 37 °C incuba-
tor with 5% CO, atmosphere. Fifty thousands of RAW
264.7 cells were treated with different concentration of
CRP-WA and CRP-02A after attachment on the 96-well
plates. After 24 h incubation, 20 pL of MTT (5 mg/mL
in PBS) were added and incubated for another 4 h. Then,
the supernatant was discarded, and cells were rinsed with
PBS (pH7.4) twice and treated with 100 pL of DMSO
under dark for 15 min. The absorption was determined
by a microplate reader under 570 nm.

Neutral red uptake and NO release assay

The immunoregulatory activities were evaluated by the
neutral red uptake and nitrite release of CRPs on RAW
264.7 cells according to the previous methods [25]. The
NO contents were determined by Griess agents accord-
ing to the previous methods [26].

Statistical analysis

Data processing was conducted by Graphpad V6.01
software. Values were expressed as mean +standard
deviation (SD). Data of antioxidant activities and immu-
noregulatory results were conducted in triplicate. Data of
the NMR spectra were processed by MestRenova V6.1.0
software.

Results and discussion

Extraction and purification of polysaccharides from C.
reticulata Blanco peels

The yield of the crude polysaccharide (CRP) was around
7% after extraction and precipitation of the C. reticu-
lata Blanco peels (Fig. S1). The crude CRP was fraction-
ated by anion-exchange method and named as CRP-W,
CRP-02, CRP-05 and CRP-10 according to the eluents

(See figure on next page.)
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used (Fig. 1A, B). The yields of these four fractions were
6.7%, 43.3%, 3.0% and 1.6%, respectively. Then, the major
fractions with relative high yield (fraction CRP-W and
CRP-02) were further purified with the GPC-autopuri-
fier system. As shown in Fig. 1C, elutes between 80 and
110 min were combined, concentrated, dialyzed, and
freeze-dried. This fraction was renamed as CRP-WA with
a yield of 18.1%. The main component shown in Fig. 1D
from 22 to 42 min fraction was combined, lyophilized.
This fraction was named as CRP-02A and the yield was
as high as 64.7%.

The Mw and Mn of CRP-WA was estimated to be
32.8 kDa and 22.6 kDa, respectively, and the PDI of
CRP-WA was 1.45; for CRP-02A, the Mw and Mn was
70.5 kDa and 49.3 kDa, respectively, and the PDI was
1.43 (Fig. 1G, H),. The low PDI gives the polysaccharide
higher solubility [27] and similar molecular weight. These
results indicated that the homogenous CRP-WA and
CRP-02A were obtained after the sequential processes.
Moreover, CPR-02A fraction was relative complicated
than CRP-WA due to its relative high molecular weight.
These purified polysaccharides will be further used for
physical and chemical structure characterization, and
biological activities evaluation.

Structural analysis of CRP-WA and CRP-02A

The molar ratios of CRP-WA and CRP-02A were calcu-
lated to help reveal important structural information. As
shown in Fig. 2A—C, both CRP-WA and CRP-02A were
hetero-polysaccharides since the monosaccharide com-
position is more than one type of monosaccharide. In
details, the molar ratio of monosaccharides in CRP-WA
was 0.57:0.24:0.07:0.12 for ArafGalp:Glcp:Manp, sug-
gesting the neutral polysaccharide of CRP-WA. For the
CAP-02A polysaccharide, the monosaccharide Araf, Galp
and GalpA was at a molar ratio of 0.34:0.12:0.54, suggest-
ing the pectin nature of the CRP-02A fraction. In addi-
tion, the uronic acid content (UAC) of CRP-02A was
calculated to be (31.46+0.95)%. Similarly, polysaccha-
rides from the peels of C. reticulata Blanco via Chachien-
sis has been reported to contain pectin polysaccharides
[11]. Moreover, the monosaccharide compositions of
CRP-WA and CRP-02A differed markedly; residue of
Araf is the leading component in CRP-WA fraction, and
GalpA is predominate constitute in CRP-02A fraction.
Although a minor peak in the position of GalpA showed

Fig. 1 Fractionation and purification of polysaccharides from peels of C. reticulata Blanco. A Elution process of crude polysaccharides. B Elution
curve of polysaccharides from DE-52 column according to the color reaction of phenol sulfuric method. C and D Elution curves of CRP-W
and CRP-02 recorded by GPC Autopurifier system. E and F Linear of Mw and Mn by HPGPC. G HPGPC chromatograms of CRP-W (grey) and CRP-WA

(blue). H HPGPC chromatograms of CRP-02 (grey) and CRP-02A (orange)
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Fig. 2 Monosaccharide composition chromatograms and FT-IR characterization of polysaccharides from peels of C. reticulata Blanco. A The HPAEC
chromatogram of 16 kinds of monosaccharide standards as annotated in the figure. B The HPAEC chromatograms of CRP-WA and C CRP-02A. D

FT-IR spectra of CRP-WA and CRP-02A

in the CRP-WA chromatography in Fig. 2B, there are no
relative signals of GalpA in the NMR results of CRP-WA,
so as the Glcp peak in the CRP-02A fraction. These ghost
peaks are probably caused by the instrumental or non-
instrumental sources [28].

As presented in Fig. 2D, CRP-WA and CRP-02A
showed similar absorption bands in FT-IR spectrum
except that around 1770-1590 cm™!. Both of CRP-WA
and CRP-02A showed a characteristic absorption region
around 3180-3570 cm™' of polysaccharide that was
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Table 1 Methylation analysis and type of linkage of CRP-WA and CRP-02A

Glycosyl linkage PMAA derivative Area percentage m/z

(%)"

CRP-WA CRP-02A

T-Araf 1,4-Di-O-acetyl-2,3,5-tri-O-methyl-arabinitol 46.17
1,3-Araf 1,3,4-Tri-O-acetyl-2,5-di-O-methyl-arabinitol 0.56
1,5-Araf 1,4,5-Tri-O-acetyl-2,3-di-O-methyl-arabinitol 34.50
1,3,5-Araf 1,3,4,5-Tetra-O-acetyl-2-O-methyl-arabinitol 7.90
Total Ara 89.13°
1,4-Galp A,5-Tri-O-acetyl-2,3,6-tri-O-methyl galactitol n.d
1,3-Galp ,3,5-Tri-O-acetyl-2,4,6-tri-O-methyl-galactitol 1.09
1,6-Galp ,5,6-Tri-O-acetyl-2,3,4-tri-O-methyl-galacitol 0.82

1
1
1
1,34-Galp 1,34,5-Tetra-O-acetyl-2,6-di-O-methyl galactitol  n.d
1
1
1

1,4,6-Galp 4,5,6-Tetra-O-acetyl-2,3,-di-O-methyl galactitol n.d
1,3,6-Galp ,3,5,6-Tetra-O-acetyl-2,4-di-O-methyl galactitol ~ 2.22
1,3,4,6-Galp ,3/4,5,6-Acetyl-2-O-methyl galactitol n.d
Total Gal 413°
1,4-Manp 1,4,5-Tri-O-acetyl-2,3,6-Tri-O-methyl-mannitol 1.00
Total Man 1.00¢
1,4-Glcp 1,4,5-Tri-O-acetyl-2,3,6-tri-O-methyl glucitol 574
Total Glc 5.744

2.55 87,101,117,129, 145,161, 205

nd 87,99,117,129,159,173,189

438 87,101,117,129,161,173,189

3.12 85,99, 117,127,141,159,172, 201, 261
10.05

61.49 87,101,117,129,161,173,233

nd 87,101,117,129,161,173, 203, 233

nd 87,101,117,129,161,173, 203,217,233

15.15 87,93,117,129,159, 171,185, 203, 231, 245, 260, 305
10.56 85,101,117,129,142,159,187, 201, 261, 272,296, 314, 329

n.d 87,101,117,129,159,173,189, 233,273

2.75 77,87,102,117,139, 159,175,198, 219, 230, 266, 292, 312,
338,369, 398

89.95

nd 87,99,117,129,143,161, 173, 203, 233, 281

nd 87,99,117,129,161,173,189, 233, 253

" The percentages reported are peak areas from the relative mass detector response (%). n.d =not detected; ? shows the sum of area percentages of PMAA derivatives
from L-arabinofuranosy! residue, ® shows that from D-galactopyranosyl residue, © shows that from D-mannopyranosyl residue and ¢ from D-glucopyranosy! residue.

assignable to the stretching vibrations of O—H group. The
weak absorption band at 2930-2963 cm™! in CRP-WA
and CRP-02A could be attributable to the asymmetric
stretching vibration of the C—H group. In addition, two
absorption bands around 1455-1463 cm™' and 1000-
1158 cm™! were allotted to the stretching vibration of
C-0-C and C-O-H group, respectively, suggesting the
presence of pyranose ring in CPR-WA and CPR-02A.
Importantly, the spectrum of CRP-02A showed a relative
strong absorption peak around 1760 cm™ as annotated
in Fig. 2D, which was allotted to the asymmetric stretch-
ing vibrations of C=0 in COO-R group [29], suggest-
ing the methyl-esterified GalpA and much more content
of uronic acid and in CRP-02A. These abovementioned
results were in correspondence with the saccharide
composition results. Moreover, the UV scanning results
(Additional file 1: Fig. S3) demonstrated no proteins or
other impurity contained in the polysaccharides since no
absorption was appeared at 260 nm or 280 nm.
Furthermore, the methylation was conducted to
analyze the glycosidic linkage types of CRP-WA and

(See figure on next page.)

CRP-02A. After comparison of the mass spectra and the
retention time to our house methylation library and liter-
ature [30], all the peaks in GC chromatogram were iden-
tified. The molar ratio of sugar glycosidic linkage types is
displayed in Table 1 by calculating their peak areas in GC
chromatogram. In CRP-WA, there were nine types of gly-
cosidic linkages and the proportion of the arabinose type
glycosyl linkage was 89.13%, whereas in CRP-02A, there
were seven types of glycosidic linkages and the propor-
tion of galactose type glycosyl linkage was almost 89.95%.
Therefore, it could be concluded that the CRP-WA con-
sisted of a highly branched Araf linkage and CRP-02A
was mainly composed of Galp linkage in the backbone.
Importantly, the NMR spectra of CRP-WA and CRP-
02A were conducted to confirm and elucidate their
structural features (Fig. 3, Fig. 4 and Table 2). For CRP-
WA polysaccharide, as shown in Fig. 3A, C, the spec-
trum exhibited well-resolved signal characteristics of
arabinose-type glycosyl linkage. The dominant anomeric
resonances in 'H NMR at 5.18 (5.02), 5.08 and 5.04 ppm
were identified to T-Araf (A, A/), (al —5)-L-Araf (A;)

Fig.3 The 1D NMR spectra of the CRP polysaccharides. A 'H NMR spectrum of CRP-WA and B CRP-02A. C "3C NMR spectrum of CRP-WA
and D CRP-02A. Diagnostic NMR signals are labeled using the following notation: A,/ A/=T-Araf, A; s = (a1 — 3,5)-Araf, A;= (a1l — 5)-Araf,
As=(al—3)-Araf, G3 = (B1—3,6)-Galp, G3= (31— 3)-Galp; aG= — 4)- a-D-Galp, eGA,=1,4- GalpA(OMe), CRP =polysaccharides from C. reticulata

Blanco peels
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and (al— 3,5)-L-Araf (Ajs), respectively. The increas-
ingly weaker resonances at 4.37, 4.42 and 4.47 ppm were
allotted to (p1—6)-D-Galp (Gg), (p1—3)-D-Galp (Gj)
and (B1—3,6)-D-Galp (G3g), respectively. The smaller
intensity resonances at 4.46 and 4.68 ppm were assigned
to (p1—4)-D-Glcp (Glcy) and (f1—4)-D-Manp (M,).
These assignments were entirely consistent with the lit-
erature results [31—-34]. Moreover, in the 1*C NMR spec-
trum of CRP-WA, the resonances associated with Ara
(110-107 ppm), Gal (~104 ppm), Glc (~103 ppm) and
Man (~ 100 ppm) were observed [31, 35, 36].

In Fig. 4A, the anomeric region in HSQC spectrum
of CRP-WA were enlarged and the distinct cross peaks
were observed. On the basis of 'H-'HCOSY and HSQC
spectra, signals at §/8- at 5.18/110.02, 5.02/108.15
could be assigned to A,/A/, and 5.18/107.08, 5.08/107.76,
5.04/107.64 can be assigned to Az, Aj; and Ajzs [37].
Moreover, the chemical shifts at &,/0.- 4.37/104.90,
4.42/104.18 and 4.47/103.84 were assigned to Gg Gy
and Gz ¢ The 4.68/100.84 ppm was assigned to M, and
4.46/103.62 ppm to Glc,. These correlations had been
assigned in the HSQC spectra and shown in Fig. 4A.
Thus, when we combined the data from 'H and '*C
NMR, HSQC and 'H-'HCOSY (Additional file 1: Fig. S4)
spectra, comprehensive assignments of all the linkage
patterns in CRP-WA have been thoroughly identified and
listed in Table 2.

In Fig. 4C, the distinct peaks suggested that H-1 signal
of A/ was interrelated to C-5 of A; and C-3 of A, resi-
dues. It was also observed that C-1 of A; was correlated
to H-5 of A;/A; 5 and H-6 of Gg. Moreover, C-1 of A;
was linked to H-3 of Aj;, and C-1 of Az 5 to H-5 of Aj.
The C-1 signal of G; 4 was correlated with H-4 of Glc,.
In addition, the NOESY spectrum (Fig. 4E) also indicated
that the H-1 signal of G;  was correlated with its H-3 sig-
nal. Other signals also could be observed to show the cor-
relation of G; to Gz¢, and Glc, to M,. The correlations
of these residues are also concluded in Table S1. There-
fore, the repeating units were deduced and the schematic
representation of CRP-WA region structure is shown in
Fig. 4G.

For the CRP-02A polysaccharide, the NMR spectra
(Fig. 3B, D) revealed intense peaks of methyl-esteri-
fied and unesterified GalpA residues according to the
literature [38, 39], such as (al—4)-D-GalpA (GA,),

(See figure on next page.)
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(al —4)-D-GalpA(OMe) (eGA,) residues. The exist-
ence of GA, in CRP-02A was observed by the signal at
O 175.67, whereas the existence of eGA, was ascertained
by the resonance at 8 171.37, 8/6y; 53.60/3.72 in HSQC
spectrum (Fig. 4B2) and §/8;; 171.37/3.72 in the HMBC
spectrum (Additional file 1: Fig. S5) [38, 39].

In detail, in the '"H-NMR spectrum (Fig. 3B), the sharp
and strong singlet at 8y; 3.72 was probably caused by the
-OCH, group of esterified GalpA units. The dominant
anomeric resonances in 'H NMR at §;; 4.88 and 5.03
were probably allotted to anomeric protons of esterified
and unesterified GalpA residues, respectively [40]. The
anomeric resonances at §y; 5.17 (5.00), 5.07 and 5.04 were
identified to A;/A;’, Az and Aj; ; residue. The increasingly
weaker resonances at 8y 5.26 (4.52) and 4.39 were prob-
ably assigned to reducing end of o/B-Galp (aG, BG) and
1,4,6-B-D-Galp (G,¢). These assignments are entirely
consistent to literature results [41-45].

Moreover, as shown in Fig. 3D, the intense peak at
171.37 ppm was probably caused by the carbonyl groups
bound to methyl groups (CO-CHj;), and the high-intense
signal at 175.67 was produced by all carboxylic acid
groups [46]. The sharp and strong singlet at 53.60 ppm
resulted from the binding of —-CH; to -COO groups of
GalpA. In the anomeric region of Fig. 3D, four signals at
O 107-108 from a-Arafresidues were detected, and spe-
cifically they belong to A, (at 8. 107.08 and 108.20), A4
(at 8¢ 107.99) and A; 5 (at 8¢ 107.58), respectively. Three
high-intense resonances at §- 99-101 from GalpA resi-
dues and three low-intense resonances at § 93.15, 96.94
and 104.17 from Galp were also observed detected. It
was reported that signals at §- 99.79 and 8- 101.01 ppm
were attributed to C-1 of GA, and eGA units, respec-
tively [47], and the downfield at 175.67 ppm and upfield
at 171.37 ppm were caused by to the C-6 of GA, and
methyl-esterified C-6 of eGA units [48]. The signals arou
nd ~ 100, ~ 68.8, ~68.5,~78.7 and ~ 71 ppm were assigned
to C-1 to C-5 in skeleton of galacturonic ring, which
agree well with previous studies [47, 49].

Cross peaks of these anomeric carbons in CRP-02A
to the proton signals are interpreted in Fig. 4B, and the
correlation of protons from H-1 to H-6 are annotated in
Additional file 1: Fig. S6. Chemical shifts of all carbons
and protons were attributed and listed in Table 2. Moreo-
ver, distinct cross peaks in Fig. 4D were also observed on

Fig.4 The 2D NMR spectra of the CRP polysaccharides. A HSQC spectrum of CRP-WA (A1 the anomeric region). B HSQC spectrum of CRP-02A

(B1 the anomeric region). C HMBC spectrum of CRP-WA and D CRP-02A. E NOESY spectrum of CRP-WA and F CRP-02A. G Putative structure

of CRP-WA and H CRP-02A. Diagnostic NMR signals are labeled using the following notation: A/A;/=T-Araf, A; s = (a1 — 3,5)-Araf, A;=(al — 5)-Araf,
As=(al— 3)-Araf, G35=(B1—3,6)-Galp, G4=(B1—4,6)-Galp, Gs=(B1 — 6)-Galp; G;=(B1 — 3)-Galp; o/BG = — 4)- o/B-D-Galp; GA,=1,4- GalpA,
eGA,=14- GalpA(OMe), GA; ,=1,3,4- GalpA, M,=1,4-Manp; CRP = polysaccharides from C. reticulata Blanco peels
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Table 2 Chemical shift assignments of the polysaccharides from peels of C. reticulata Blanco using the resonances of -CH; groups of

acetone
PS Glycosyl residues Notation H-1/C-1 H-2/C-2 H-3/C-3 H-4/C-4  H-5;5'/C-5 H-6;6'/C-6 0O-CH3
(0O=C-CH3)
CRP-WA  a-L-Araf-(1— A 5.18/110.02 4.14/82.62 3.87/7743 4.06/84.57 3.76,3.64/62.15
a-L-Araf-(1 — Al 5.02/108.15 4.06/81.96 3.86/77.80 3.89/84.62 3.69;3.36/62.33
— 3)-a-L-Araf<(1— A; 5.18/107.08 4.24/85.69 4.03/82.94 421/8149 3.88;3.78/61.04
— 5)-a-L-Araf~(1 — As 5.08/107.76 4.06/8225 3.96/77.31 4.14/83.54 3.81;3.73/67.55
—35)al-Araf-(1—>  Ags 5.04/107.64 4.21/7990 4.01/84.55 4.25/82.87 3.88;3.75/66.94
—6)- 3-D-Galp-(1 — Gg 437/10490 3.44/72.16 3.60/73.47 3.86/74.24 3.88/69.87 3.93;4.10/70.50
— 3)-B-D-Galp-(1— G; 442/104.18 3.48/71.60 3.59/80.73 3.76/72.13 3.85/74.12 3.86/61.77
—3,6)-3-D-Galp-(1—  Gs4 447/103.84 3.60/70.61 3.68/81.50 4.05/69.23 3.87/74.81 3.98;3.85/70.76
— 4)-3-D-Glcp-(1 — Gle, 446/103.62 3.30/74.17 3.44/76.72 3.58/80.16 3.47/76.69 3.95;3.79/61.67
—4)-3-D-Manp-(1—> M, 4.68/100.84 4.05/70.68 3.73/72.05 3.74/7723 347/75.55 3.82,3.72
CRP-02A  a-L-Araf-(1— A 5.17/107.08 4.23/85.81 4.03/82.94 4.21/82.14 3.76;3.64/61.89
a-L-Araf-(1 — Al 5.00/10820 4.05/82.7 3.87/77.59 3.98/84.94 3.75;3.65/61.82
— 5)-a-L-Araf~(1— Ag 5.07/107.99 4.07/81.22 393/77.31 4.13/83.11 3.81;3.79/67.25
—35)-al-Araf-(1—  Ags 5.04/107.58 4.21/8048 4.00/82.97 4.25/8132 4.19;3.87/66.98
— 4)-a-D-Galp aG 525/93.15 3.74/69.6 399/75.07 434/7912 4.72/72.7 3.73,3.65/6143
—4)-a-D- GalpA-(1—  GA, 5.03/99.79 3.68/688 393/68.67 437/7876 4.68/72.29 175.67
—4)-a-D- eGA, 4.88/101.01 3.64/688 3.93/68.8 4.39/7865 5.05/7126 17137 3.72/53.60
GalpA(OMe)-(1 —
— 3,4)-a-D- GalpA- GAs4 4.87/10127 4.17/72.7  4.09/8255 4.51/79.76 5.07/71.83 175.67
(1—
— 4)-3-D-Galp BG 4.52/96.94 345/71.81 3.68/73.03 4.27/79.19 4.66/72.75 3.75;3.63/61.76
— 4,6)-3-D-Galp-(1 — Gup 4.39/104.17 3.46/71.64 3.64/7330 3.71/83.02 3.83/74.61 3.93,3.81/68.72

H-1 of A, to C-5 of A, H-1 of A to C-3 of A5, H-1 of
A; 5 to C-5 of A, H-1 of A; to C-3 of (al — 3,4)-D-GalpA
(GA;,), suggesting the side chains of CRP-02A were
linked to the main chain via O-3 position of GA;, resi-
due. In addition, inter-residue correlation peaks were
clearly observed on 8y 4.88 (H-1 of eGA,) to & 4.39
(H-4 of eGA,) and §;; 4.37 (H-4 of GA,), & 5.03 (H-1
of GA,) to 8y; 4.51 (H-4 of GA; ), 6y 4.87 (H-1 of GA; )
to 8y 4.39 (H-4 of eGA,) in the 'H-'H NOESY spectrum
(Fig. 4F) confirmed the occurrence repeating the tetra-
saccharide units [— 4)-a-D-GalpA(OMe)-(1 — 4)-a-D-
GalpA(OMe)-(1 — 4)-a-D-GalpA-(1 — 3,4)-a-D-
GalpA-(1-] in CRP-02A. A schematic representation
of CRP-02A polysaccharide structure is presented in
Fig. 4H.

In summary, the structural features of CRP-WA and
CRP-02A could be concluded from the abovemen-
tioned NMR results as follows: (i) CRP-WA is AG-II
type polysaccharide; (ii) the backbone of CRP-WA
comprises (B1—3)(p1—3,6)-D-Galp, (f1—4)-D-Glcp
and (B1—4)-D-Manp units; (iii) the following residues
were identified in the side chain of CRP-WA: (al —5)

(al — 3,5) (al — 3)-L-Araf units; (iv) CRP-02A is a mem-
ber of pectic arabinogalacturonan family; (v) the back-
bone of CRP-02A contains (al —4)(al — 3,4)-D-GalpA
and (al — 4,6)-D-Galp units; (vi) the side chain of CRP-
02A branched at O-3 of (al — 3,4)-D-GalpA by (a1l —5)
(al - 3,5)-L-Araf units. Moreover, this proposed struc-
ture AG-II of CRP-WA was not the same as the classical
AG-II model, which assumes that only (1 — 3)-D-Galp
presented in the main chain with (1 — 6)-D-Galp in the
side chains [36].

Micromorphology analysis of CRP polysaccharides

As shown in Fig. 5A, B, the CRP-WA and CRP-02A con-
tained spherical structures in different sizes, indicating
the presence of aggregation or intertwined polysaccha-
rides molecules. The height of polysaccharide with a
single chain structure was reported to be in the range of
0.1-1.0 nm [50]. However, the height of CRP-WA was
between — 5.2 and 6.8 nm, and that of CRP-02A was
between — 7.3 and 8.0 nm. The relatively high height of
the CRP-WA and CRP-02A indicated the aggregation
probably formed by the van der Waals forces between
the main chain and the highly branched Arafin CRP-WA
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and CRP-02A. In addition, CRP-WA exhibited a tight
and dense laminar structure similar to cracked pave-
ment. CRP-02A showed a relative looser “rippled” lamel-
lar shape (Fig. 5C), which agreed with the previous pectin
morphology [51]. The sugar content analysis showed that
CRP-WA had the large amount of neutral Araf, and the
large amount of Araflocated on the side chains. However,
CRP-02A displayed a loose lamellar morphology, which
could be probably induced by the overall negative charges
that hindered the aggregation of pectin chains.

Conformation properties of CRP polysaccharides

Since conformations of polysaccharide are closely related
to their functional properties, we characterized the con-
formation difference of polysaccharide molecules by CD
spectra (Fig. 5D) and Congo red test (Fig. 5E). The CD is
implemented to study the conformational changes of the
polysaccharide, which is a popular method to identify the
triple-helix shape in solid-state or in solutions. CD spec-
trum of CRP-WA and CRP-02A exhibited positive cotton
effect at~206 nm. The result of CRP-WA and CRP-02A
were consistent with red shift phenomenon when com-
pared to the control of Congo red at the same NaOH
concentration. These results indicated the existence of
triple helical conformation of CRP-WA and CRP-02A,
which agree with the previous studies [20].

Rheological properties of CRP polysaccharides

The flow behavior characterization of CRP-WA and CRP-
02A were evaluated and compared. The viscosity of CRP-
WA and CRP-02A showed gradually decreased when the
shear rate increased, indicating a shear-thinning behavior
of the CRPs polysaccharide (Fig. 5F). Such pseudo-plas-
tic property is probably caused by the disentanglement
of polysaccharides along the shear flow direction under
the low shear force, thus causing a gradual reduction in
the viscosity, which agrees with the previous data [52].
Besides, the steady-state viscosity for all CRP-02A con-
centrations was higher than that of CPR-WA by at least
ten times, which is probably caused by the high molecu-
lar weight (Mw 70.5 kDa of CRP-02A and Mw 32.8 kDa
for CRP-WA) and the chemical content of CRP-02A.

Antioxidant activities evaluation

As shown in Fig. 6A, CRP-WA and CRP-02A were capa-
ble to scavenge DPPH radicals within the tested range.

(See figure on next page.)
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The DPPH scavenging ability of CRP-02A reached
(68.3 +£3.7)% as more than twice of CRP-WA (30.9+1.9)%
at the tested polysaccharide concentration of 2 mg/mL.
Moreover, CRP-WA and CRP-02A showed relatively high
hydroxyl radical scavenging activity in the tested poly-
saccharide concentrations (Fig. 6B). Furthermore, both
of these two polysaccharides showed strong scavenging
capacity of ABTS free radical in a concentration-depend-
ent manner (Fig. 6C), whereas it reached a maximum
value of (83.1+1.9)% for CRP-WA and (98.4+0.8)% for
CRP-02A, respectively, at 2 mg/mL of polysaccharide
solution. Generally, the stronger reduction power indi-
cated the higher antioxidant ability, and the reduction
power of CRP-WA and CRP-02A displayed an increasing
trend with the polysaccharide concentration increased
(Fig. 6D). The reducing abilities of CRP-WA and CRP-
02A were (9.9+1.9)% and (32.9 £1.5)%, respectively, at
2.0 mg/mL polysaccharide, representing better reducing
power of CRP-02A than that of CRP-WA. More impor-
tantly, we reduced the uronic acid groups in CRP-02A
to further verify whether the uronic acid groups play an
important role in the antioxidant activities. The antioxi-
dant activities of reduced CRP-02A were relatively poor
when compared to than that of native CRP-02A in DPPH
radical scavenging, ABTS radical scavenging and fer-
ric reduction (Additional file 1: Fig. S7), suggesting the
potential contribution of uronic acid groups from CRP-
02A to the antioxidant activities.

Immunoregulatory activities evaluation

As shown in Fig. 7A, cell viability of RAW 264.7 cells was
increased after both CRP-WA and CRP-02A treatment at
the concentration from 1.25 to 40 ug/mL, indicating the
non-toxicity of CRP-WA and CRP-02A within this con-
centration range but growth promotion effects of RAW
264.7 cells. When the polysaccharide concentration
reached to 80 pg/mL, cells were slightly inhibited when
compared to the control group with cell culture medium
treatment. When macrophages are activated, their
phagocytosis ability could be enhanced [53]. Therefore,
the neutral red uptake ability of RAW 264.7 cells after
polysaccharide treatment was evaluated in this study. As
a result, the phagocytosis index of CRP-WA showed an
increased trend at the concentration from 10 to 80 pg/
mL but did not reach the significance when compared to
the blank control group. The phagocytic ability of RAW

Fig. 5 The morphological, conformational and flow behaviors of polysaccharides from C. reticulata Blanco peels. A The 2D images of CRP-WA
and CRP-02A. B The 3D images of CRP-WA and CRP-02A. C The SEM images of CRP-WA and CPR-02A at magnification of 5000 . D The CD spectra;
E the Congo red results of CRP-WA and CRP-02A at 0.1-0.5 M NaOH concentration. F Rheological observation of steady-state viscosity of CRP-WA

and CPR-02A at concentration of 1.0% and 2.5% (w/v)
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Fig. 6 Antioxidant activities of CRP-WA and CRP-02A. The radical scavenging capacity of A DPPH, B hydroxyl radical, C ABTS and the ferric reducing

activity D

264.7 cells induced by the CRP-02A showed a poor effect
(Fig. 7B). The release of NO is reported to be a fundamen-
tal signaling compound secreted by the activated RAW
264.7 cells [54]. In our present study, the NO release was
enhanced when cells treated with CPR-WA compared to
the control group (Fig. 7C). In some ways, CRP-WA had
immunoregulatory effects on RAW 264.7 cells.

Consequently, polysaccharides from peels of Citrus
R. Blanco showed significant antioxidant activities and
immunoregulatory effects to some extent on RAW 264.7
cells. Further, CRP-02A displayed stronger antioxidant
capacity than that of CRP-WA. These antioxidant dif-
ferences of CRP-WA and CRP-02A might be attributed
to the result of compositional differences in structural
polysaccharides, the branched degree. The molecular
weight seems to be of little importance for activity. CRP-
02A was an arabinogalacturonan type pectin structure
with a relative high molecular weight, whereas CRP-
WA was an arabinogalactan structure with a relative low
molecular weight. The high content of uronic acids in
CRP-02A could donate plenty of protons to reduce the
DPPH, hydroxyl radical, ABTS radical and reduction of
Fe*t.

Conclusions

In this study, two water-soluble polysaccharides purified
from the peels of C. reticulata Blanco by fractionation of
the crude polysaccharide into neutral and pectic fraction.
The structural characteristics of the homogenous CRP-
WA and CRP-02A were explored in-depth. The results
from molecular weight and monosaccharide composition
analysis showed that CRP-WA with Mw of 32.8 kDa had
Araf as the major component of the polysaccharide, while
CRP-02A with Mw as high as 70.5 kDa had the GalpA as
the main composition. Methylation and NMR results fur-
ther verified the chemical structure and confirmed that
CRP-WA was a neutral polysaccharide of AG-II which
consisted mainly of a (B1 — 3)-B-Galp in the backbone,
with Araf substituents at O-6 of (1 — 3,6)-D-Galp resi-
dues, whereas CRP-02A was a pectic polysaccharide with
the backbone comprising (a1 — 4)-D-GalpA residues that
decorated methyl ester groups at the galacturonan back-
bone. Moreover, CRP-02A showed a higher viscosity but
looser surface structure than that of CRP-WA, which was
probably due to the chemical structure of CRP-WA with
longer and larger arabinose branches than that of CRP-
02A. The antioxidant results demonstrated that both
of the two soluble polysaccharides possessed potential
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Fig. 7 Immunoregulatory effects of CRP-WA and CRP-02A evaluated
by RAW 264.7 cells. A MTT results of CRP-WA and CRP-02A on RAW
264.7 cells. B Phagocytosis index of CRP-WA and CPR-02A on RAW
264.7 cells by neutral red uptake. C NO release induced by CRP-WA
and CRP-02A on RAW 264.7 cells by Griess agents method

antioxidant effects, in which CRP-02A was more pro-
nounced. All these results helped gain a more fundamen-
tal understanding of C. reticulata Blanco, and provided a
preliminary exploration of polysaccharides from peels of
C. reticulata Blanco as potential antioxidants.
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