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Abstract

Pomelo sponge layer (PSL) had been considered as a potential source of soluble dietary fiber (SDF), while they were
mostly disposed of as waste. To promote high-value utilization of pomelo wastes, this study extracted SDF from PSL of
six varieties of pomelo, and their physicochemical, structural and functional properties were investigated. Results
indicated that all PSL-SDFs showed good physicochemical and functional properties. Among them, PSL-SDF from
grapefruit (GRSDF) showed better water holding capacity and swelling capacity, whereas Shatian pomelo PSL-SDF and
Guanxi pomelo PSL-SDF had the highest thermal stability and oil holding capacity, respectively. Furthermore, compared
with other PSL-SDFs, GRSDF displayed the lowest hydrolysis degree coupled with the best antioxidant and probiotic
growth-promoting abilities. Finally, the correlation analysis showed that multiple beneficial effects of PSL-SDFs were
markedly associated with their molecular weight and the concentrations of total phenolic, total flavonoids, rhamnose,
galacturonic acid, glucose and arabinose. Collectively, these findings contributed to a better understanding of the
physicochemical and functional properties of SDFs extracted from different PSLs, which provided a scientific basis for
the development of PSL-SDFs into functional foods.

Keywords: Functional property, Physicochemical characteristics, Pomelo sponge layers, Soluble dietary fiber, Structure

1. Introduction Compared with IDF, SDF was more bioavailable as
it could be degraded by ferulic acid esterase and
D ietary fiber (DF), defined as the edible fraction glucc.)sidas'es produced by some microorganisms in
of plants or similar carbohydrates that were  the intestine [2]. Moreover, SDF could be better
difficult to digest and absorb in the human small ~ utilized by gut bacterlaf,.resultmg in optimizing the
intestine, which was an important part of a healthy ~ host gut flora composition of the host [3]. Hence,
diet [1]. DF was mainly composed of cellulose, SDFs had. bgen considered as the emerging candi-
lignin, hemicellulose, gum, polysaccharides and ol- ~ date prebiotics. '
igosaccharides. According to its water solubility, DF In the past, fibers such as yvheat, corn and rice ha'd
could be divided into insoluble dietary fiber (IDF) ~ been used for the production of SDF due to their
and soluble dietary fiber (SDF). Although both SDF health properties and technical features [4]. Nowa-

and IDF had multiple physiological activities, SDF  days, with the growing challenges of food security
presented better physiological functions [1]. and environmental issues, there was an increased
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interest in the high-value utilization of agricultural
waste [5]. Additionally, consumer interested in
healthy, nutritious and clean-labeled foods were on
the rise. These trends had made the exploration of
new sources of SDFs a hot topic in the research field.
By-products of fruits and vegetables processing had
been reported to be a rich source of novel and
economical functional health ingredients, including
peel, stems and cores [6]. However, these by-prod-
ucts were usually disposed of in the form of landfills
or incineration, and small amounts were consumed
through animal feed [5]. Therefore, it is necessary to
develop some methods to utilize these by-products
and wastes. Recently, several by-products such as
orange pomace, tomato peel, and pineapple stems
had been used as new sources of SDF [7].

Pomelo (Citrus grandis (L.) Osbeck) was a citrus
fruit widely grown in China, Mexico and South Af-
rica [8]. In addition to being eaten fresh, pomelo was
often processed into juices, jams and other products
to extend its shelf life [9]. During the processing of
pomelo, a large amount of pomelo peel was pro-
duced, accounting for about 30—50% (w/w) of the
fruit [10]. According to statistics, the annual global
production of pomelo peel is about 2.8—4.7 million
tons (FAO). In order to avoid environmental pollu-
tion and resource waste caused by a large number of
by-products, it is particularly important to improve
the utilization rate of pomelo peel [11]. Pomelo peel
has been reported to contain epidermis and spongy
layers, which was a potential source of high-quality
DF [12]. Nowadays, there were growing studies on
the pomelo sponge layer SDF (PSL-SDF), while they
were mainly focused on the optimization of extrac-
tion methods, improvement of properties and
application as a food additive [11—14]. In addition,
varieties had a great influence on the physico-
chemical, structural and functional characteristics of
SDF [15,16]. However, the differences in the physi-
cochemical and functional properties of SDFs
extracted from the sponge layer of different varieties
of pomelo has not been elucidated. Meanwhile,
fewer studies had been conducted on the gastroin-
testinal digestive tolerance of SDFs [11,14]. These
issues hindered the development and application of
PSL-SDF. Therefore, in order to better develop the
PSL-SDF and in line with the concept of “green
chemistry”, the sponge layers of several common
Chinese varieties of pomelo were collected and a
green extraction method (ultrasound combined with
enzyme) was carried out to extract PSL-SDF. Sub-
sequently, the physicochemical properties, struc-
ture, antioxidant activities, gastrointestinal tolerance
and prebiotic activity of different PSL-SDFs were
evaluated to establish a database of PSL-SDF.

2. Materials and methods
2.1. Materials

The sponge layers of pomelo peels used in this
experiment were obtained from six ripe and fresh
pomelo varieties (Grapefruit, Guanxi pomelo,
Wendan pomelo, Liangping pomelo, Pingshan
pomelo, and Shatian pomelo) that we collected from
the main producing areas of pomelo in China. The
detailed information on 6 varieties of pomelo were
shown in Table S1. Six fruit trees of each variety and
six fruits each tree was randomly collected for the
experiment. After harvesting, all pomelo samples
were immediately transported at 4 °C to Guangz-
hou. Chromatographic methanol (Cas. 67-56-1) and
acetonitrile (Cas. 75-05-8) were supplied from
Merck (Darmstadt, Germany). Gallic acid (Cas. 149-
91-7), rutin (Cas. 153-18-4), mannose (Cas. 3458-28-
4), ribose (Cas. 50-69-1), rhamnose (Cas. 6155-35-7),
galacturonic acid (Cas. 91510-62-2), glucose (Cas. 50-
99-7), galactose (Cas. 15572-79-9), xylose (Cas. 58-86-
6), arabinose (Cas. 147-81-9) and fucose (Cas. 3615-
37-0) purchased from Shanghai Yuanye Biotech-
nology Co., Ltd. (Shanghai, China). 2,2’-Azinobis (3-
ethylbenzothiazoline-6-sulfonic Acid Ammonium
Salt) (ABTS) (Cas. 30931-67-0), 1,1-Diphenyl-2-pic-
rylhydrazyl radical 2,2-Diphenyl-1-(2,4,6-trini-
trophenyl) hydrazyl (DPPH) (Cas. 1898-66-4), and
potassium persulfate (Cas. 7727-21-1) were obtained
from Shanghai Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Other analytically pure
reagents: NaNO, (Cas. 7632-00-0), AICl; (Cas. 7446-
70-0), NaOH (Cas. 1310-73-2), NaCl (Cas. 7647-14-5),
KCl (Cas. 7447-40-7), CaCl, (Cas. 10043-52-4),
NaHCO; (Cas. 144-55-8), K3PO, (Cas. 7778-53-2),
CH3COONa (Cas. 127-09-3), trifluoroacetic acid
(Cas. 76-05-1) and trichloromethane (Cas. 67-66-3)
were purchased from Tianjin Damao Chemical Re-
agent Factory (Tianjin, China). Water was purified
by a Milli-Q system (Bedford, MA, USA).

2.2. Extraction of PSL-SDF from pomelos

The combined enzyme and ultrasound extraction
method is an effective way to achieve higher yields of
polysaccharide [17,18]. Therefore, the PSL-SDFs
were extracted by enzyme and ultrasound synergistic
method. The preparation process of PSL-SDFs from
six variety pomelos was shown in Fig. 1. Pomelo
fruitlets without visible external cuts or spoilage were
selected, peeled, and washed. The pomelo sponge
layer was collected and sliced with a knife to a
thickness of <4 cm, followed by drying in an air blast
oven at 55 °C for 24 h. The pomelo sponge layer was
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Fig. 1. Preparation process of PSL-SDFs. GRSDF, GUSDF, WESDF, LISDF, PISDF, and SHSDF presented the PSL-SDF extracted from Grapefruit,
Guanxi pomelo, Wendan pomelo, Liangping pomelo, Pingshan pomelo, and Shatian pomelo, respectively.

ground to powder in a crusher and stored at —4 °C
until use. The powder was mixed with distilled water
(1:10, w/v) and treated at 400 W for 30 min using an
ultrasonicator (DL-400B, Shanghai, China). After
centrifugation at 5200 rpm for 15 min, the superna-
tant was collected and cellulase (0.03%, w/v, pH =4.9)
was added. The mixture was reacted at 50 °C for 1.5 h.
Subsequently, papain (0.06%, w/v, pH = 6) was
added into the mixture and reacted at 60 °C for
30 min. The reacted product was heated at 90 °C for
10 min to inactivate the enzyme. The final mixture
was concentrated and precipitated with 95% ethyl
alcohol (1:4, v/v). The sediment was collected and
freeze-dried to obtain PSL-SDFs. The lyophilized
PSL-SDFs were milled using a grinder to pass
through an 80-mesh sieve completely, except for
those used for the determination of electron micro-
scopy. The PSL-SDFs samples in powder form were
stored in aluminum foil bags at —20 °C for further
analysis. The PSL-SDFs extracted from the Grape-
fruit, Guanxi pomelo, Wendan pomelo, Liangping
pomelo, Pingshan pomelo, and Shatian pomelo were
abbreviated as GRSDF, GUSDF, WESDF, LISDF,
PISDF and SHSDF, respectively.

2.3. Physicochemical properties of PSL-SDF

2.3.1. Determination of ash, protein and fat
Ash, protein and fat contents were determined
according to AOAC official method [19].

2.3.2. Evaluation of water holding capacity (WHC),
oil holding capacity (OHC) and swelling capacity
(SO

The sample (m;, 0.5 g) was hydrated with 25 mL
ultrapure water at room temperature for 2 h. After
centrifugation at 4800 rpm for 10 min, the residue was
immediately collected and weighed (m;). The WHC of
sample was calculated using the following formula:

WHC (g/g)=(my —mq) /m

2.5 mL soybean oil was mixed with sample (m;,
0.1 g) for 2 h at room temperature. After centrifu-
gation at 4800 rpm for 10 min, the supernatant was
removed and the precipitate was weighed (m,). The
OHC of sample was computed by the following
equation:

OHC (g/g)=(my —my) /my

The sample (m, 0.05 g) was weighed and
transferred to a 20 mL graduated test tube and
mixed with 5 mL of distilled water. The mixture was
stirred, defoamed, and left to stand for 18 h. The SC
of sample was calculated by the following formula:

SC(mL/g)=(V,—Vy)/m

2.3.3. Determination of total phenolics (TP) and total
flavonoids (TF)

The concentration of TP was assessed by the
Folin—Ciocalteu method [20]. The TP content of
sample was presented as mg of gallic acid equiva-
lents (GAE) per g of sample.
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A 0.1 g of sample was added to 10 mL of 80% (v/v)
methanol solution, ultrasonically extracted for
15 min, and centrifuged at 4000 rpm for 10 min. This
procedure was repeated 2 times. 1 mL of supernatant
was mixed with NaNO, (300 pL, 5%), AlCl3 (300 uL,
10%) and 4 mL of 1 mol/L NaOH. Absorbance of the
mixture was measured at 505 nm. The TF concen-
tration was expressed as rutin equivalents (RE) mg/g.

2.3.4. Molecular weight (Mw) analysis

The Mw of sample was determined by Advanced
Polymer Chromatography (APC, Waters Corp.,
Milford, MA, USA). 4 mg sample was dissolved in
2 mL of ultrapure water, then the mixture was
filtered through a 0.45 pm aqueous membrane. The
column temperature was 25 °C and ultrapure water
was the mobile phase at a flow rate of 1.0 mL/min.
Data were collected and analyzed using Empower
software.

2.3.5. Thermal analysis

The thermal properties of the sample were
detected by a differential scanning calorimetry
(DSC200F3, NETZSCH, Germany). A 6 mg sample
was first weighed for later determination, and the
crucible without sample acted as the reference. Ni-
trogen gas (N) was injected into the machine at
0.06 mPa, and the sample was heated from 30 °C to
300 °C with a linear ramping of 10 K/min. Data were
recorded and analyzed using the Netzsch software
(Netzsch Inc., Selb, Germany).

2.4. Structural characteristics of PSL-SDF

2.4.1. Scanning electron microscopy (SEM) analysis

The morphology and microstructure of sample
were analyzed by a SEM (5-3700N, Hitachi, Japan).
Sample was placed on double-sided tape and coated
with a thin layer of gold. Images were collected at an
accelerating voltage of 3.0 kV. Micrographs were
recorded at 100 x magnification.

2.4.2. Fourier-transform infrared spectroscopy (FI-IR)
analysis

The functional groups of samples were measured
by a FT-IR (Nicolet I1S50, Bruker, Germany) in the
range of 400—4000 cm '. Each 5 mg sample was
mixed with 100 mg KBr, and the mixture was
ground and pressed into tablets. These scans were
compared with a blank KBr background.

2.4.3. X-ray diffraction (XRD) analysis

XRD analysis of sample was performed with an X-
ray diffractometer (D8 ADVANCE, Bruker, Ger-
many). The incident current and copper radiation

were 40 mA and 40 kV, respectively. The scanning
speed was 12°/min and the step length was 0.013°,
the diffraction angle (26) ranged from 5° to 60°. The
degree of crystallinity (DC, %) was calculated using
the following equation:

DC(%)=Acx100/ (Ac+Aa)

where Ac and Aa denoted the crystalline and
amorphous regions on the X-ray diffraction map,
respectively.

2.4.4. Monosaccharide composition analysis

The monosaccharide composition of sample was
analyzed by high performance liquid chromatog-
raphy (HPLC, LC-20AT; Shimadzu Co., Ltd., Tokyo,
Japan) with an Agilent packed column (ZORBAXE
eclipse XDB-C18, 4.6 mm x 250 mm). 0.01 g of SDF
was mixed with 2 mL of 2 mol/L trifluoroacetic acid,
and the mixture was hydrolyzed at 100 °C for 8 h.
Then the hydrolysate was mixed with 0.5 mol/L 1-
phenyl-3-methyl-5-pyrazolone solution and reacted
at 70 °C for 1 h. After neutralization, the solution
was extracted three times with 3 mL chloroform.
Then, mannose (Man), ribose (Rib), rhamnose (Rha),
galacturonic acid (Gala), glucose (Glu), galactose
(Gal), xylose (Xyl), arabinose (Ara) and fucose (Fuc)
mixed monosaccharide solutions (concentration
gradient including 0.6, 1.2, 2.4, 3.6, 4.8 and 6 mg/mL)
were prepared. All solutions were filtrated through
0.22 um for testing. Chromatographic separation
was carried out using 0.05 M potassium phosphate
buffer (pH 6.85) and acetonitrile at a ratio of 85:15 (v:
v) as mobile phase. The flow rate was 1 mL/min.

2.5. Functional properties of PSL-SDF

2.5.1. Antioxidant capacity analysis

1 mL sample solution (5 mg/mL) was mixed with
5 mL 130 pm/L DPPH. The mixture was reacted in
the dark for 30 min and then centrifuged at
4800 rpm/min for 10 min. The supernatant was
removed and absorbance values were measured at
517 nm. The 1 mL distilled water mixed with 5 mL
130 um/L DPPH was used as a blank control. The
DPPH radical scavenging ability was computed
based on the following equations:

DPPH radical scavening ability (%)= (Ao — A1) x100 / Ay

where A, = absorbance value of blank control;
A; = absorbance value of sample.

50 mL of 7 mmol/L ABTS solution was mixed with
0.88 mL of 140 mmol/L potassium persulfate and
allowed to stand in the dark for 14 h. The mixture
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was diluted with methanol (80%, v/v) to an absor-
bance of 0.70. 100 pL of 5 mg/mL sample solution
was then added to 3.6 mL diluted solution and the
mixture was reacted in the dark for 30 min. The
absorbance of mixture was measured at 734 nm. The
ABTS radical scavenging capacity was calculated
using the formula below:

ABTS radical scavenging capacity (%)
= (Ag —A1)><100/A0

where A, presented the absorbance value of blank
control, and A; indicated the absorbance value of
sample.

2.5.2. Simulated gastric and intestinal digestion in
vitro

In vitro simulated gastric fluid digestion: 500 mL of
gastric electrolyte solution (3.1 g/L NaCl, 1.2 g/L
KCl, 0.2 g/L CaCl, and 0.7 g/L. NaHCO3) was mixed
with pepsin (0.12 g), lipase (0.13 g) and CH;COONa
solution (1 mol/L, 10 mL). The final pH of mixture
was adjusted to 2 by addition of 0.1 mol/L HC],
resulting in simulated gastric juice. Sample (2 mg/
mL) was dissolved in 10 mL of simulated gastric
juice as the experimental group. The control group
was an equal volume of simulated gastric juice. Both
experimental group and control group were reacted
in a dioxide-water system at 37 °C for 6 h. Samples
were analyzed after 0, 2, 4 and 6 h of digestion.

In vitro simulated small intestinal digestion: 100 g
of small intestinal salt solution (5.4 g/L NaCl, 0.7 g/L
KCl], 0.4 g/L CaCl,, 1 mol/L NaHCO;, pH = 7) was
added to 13 mg tryptase, 400 mL of bile salt solution
(4%, wiw) and 100 g of trypsin solution (7%, wiw).
The pH pf the simulated small intestine solution
was adjusted to 7.5 with 0.1 mol/L NaOH solution.
3 mL of simulated small intestine solution was
mixed with 10 mL of simulated gastric juice, which
was set as group A. 3 mL of distilled water mixed
with 10 mL of simulated gastric juice was set as
group B, and the 3 mL of simulated small intestine
solution mixed with 10 mL of distilled water was set
as group C. Each group was reacted in a dioxide-
water system at 37 °C for 6 h. Samples were
analyzed after 0, 2, 4 and 6 h of digestion.

To determine whether sample was degraded in
gastric juice and small intestinal solution, the total
sugars (TS) content, reducing sugars (RS) content
and the degree of hydrolysis were measured after
digestion. TS content was determined by the
phenol-sulphate method. The degree of hydrolysis
was computed by the following formula:

Hydrolysis degree (%) =C; / ( C; —C3)x100%

where C; was the content of hydrolyzed RS, C, was
the content of TS, and C3 was the content of initial
RS (0 h).

2.5.3. Probiotics growth

Using a modified carbohydrate-free medium to
evaluate the effects of PSL-SDF on the growth of
probiotics. Four probiotics (Leuconostoc mesenteroides,
Lactobacillus acidophilus, Lactobacillus casei and Bifido-
bacterium) were used in this experiment. Modified
carbohydrate-free medium was composed of 0.2 g/L
peptone, 0.2 g/L yeast extract, 5 g/L CH;COONa, 2 g/
L triammonium citrate, 1.08 g/L Tween 80, 0.3 g/L
MgS0,-7H,O, 0.07 g/L MnSO,-H,O, 153 g/L
KoHPO,4. The modified carbohydrate-free medium
supplemented with SDF (5 mg/mL), inulin (5 mg/mL)
and glucose (5 mg/mL) were set as experimental
group, positive control group 1 and positive control
group 2, respectively. These four probiotics were
inoculated into MRS broth and incubated at 37 °C for
24 h to prepare seed culture. Seed culture (inoculum
size 3%) was transferred into the corresponding me-
dium. The growth of probiotic was assessed by
measuring the bacterial populations of the medium
after incubation for 0 h, 12 h, and 24 h. Bacterial
populations was performed by plate counting
method, and the bacteria count was expressed as
colony forming units per milliliter (CFU/mL). A pH
meter was used to detect the pH of medium at 0 h,
12 h, and 24 h of bacterial fermentation.

2.6. Statistical analysis

All measurements were performed at least in
triplicate, and the data were expressed as mean +
standard deviation (SD). Significant differences be-
tween means were determined by Duncan's multiple
range test in SPSS software version 26.0 (IBM Cor-
poration, Armonk, NY, USA). P < 0.05 was considered
to reflect a statistically significant difference.

3. Results and discussion

3.1. Ash, fat, protein and Mw of different PSL-
SDFs

Firstly, the proximate composition of PSL-SDFs
from different pomelos was measured. As shown in
Table 1, the ash, protein and fat contents of different
PSL-SDFs were ranged of 1.49—4.30 wt%,
0.23—0.41 wt%, and 0.02—0.25 wt%, respectively. The
fat contents of GRSDF, GUSDF, WESDF, and LISDF
were all between 0.02 and 0.7 wt%. The ash
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Table 1. The physicochemical properties and monosaccharide composition of different PSL-SDFs.

GRSDF GUSDF WESDF LISDF PISDF SHSDF
Ash (wt%) 1.49 + 0.05° 4.30 + 0.00° 2.92 + 0.02¢ 3.96 + 0.05° 2.15 + 0.01° 3.25 + 0.03°
Fat (wt%) 0.07 + 0.00° 0.03 + 0.00° 0.02 + 0.00° 0.02 + 0.00° 0.25 + 0.02° 0.33 + 0.01°
Protein (wt%) 0.37 + 0.03° 0.41 + 0.02° 0.38 + 0.02%° 0.23 + 0.01° 0.29 + 0.00¢ 0.33 + 0.02°
WHC (g/g) 19.52 + 0.68° 18.83 + 0.70° 13.57 + 0.11* 13.81 + 0.30° 12.68 + 0.68° 14.65 + 0.71°
OHC (g/g) 7.59 + 0.18° 11.05 + 0.21* 8.89 + 0.54° 3.32 + 0.05° 5.21 + 0.03¢ 7.28 + 0.48°
SC (mL/g) 55.41 + 4.94° 4751 + 3.12° 41.89 + 2.04% 25.93 + 1.92¢ 37.78 + 2.91° 46.48 + 3.07°
Mw (kDa) 124.81 + 0.65° 218.95 + 0.59¢ 237.19 + 0.56° 273.24 + 0.60° 200.36 + 0.48° 302.28 + 0.24°
TP (mg RE/g) 31.45 + 1.01° 13.88 + 0.54> 14.69 + 0.80° 11.96 + 0.56¢ 13.41 + 0.36° 9.06 + 0.33°
TF (mg GAE/g) 3.82 + 0.02° 2.34 + 0.04° 2.98 + 0.02° 1.65 + 0.07¢ 2.97 + 0.06° 1.47 + 0.04°
Man (mg/g) 2.07 + 0.06™ 2.20 + 0.16*° 1.65 + 0.35° 243 + 0.27° 2.02 + 0.16° 1.03 + 0.04¢
Rib (mg/g) ND 3.17 + 0.40° 3.87 + 0.34° 2.12 + 0.07¢ 4.58 + 0.05° 3.89 + 0.16°
Rha (mg/g) 7.17 + 0.38° 0.39 + 0.08¢ 0.35 + 0.04¢ 1.40 + 0.12¢ 2.15 + 0.34° ND

Gala (mg/g) 1.90 + 0.06" 2.14 + 0.36° 2.60 + 0.25 ND ND ND

Glu (mg/g) 222.70 + 3.29° 122.98 + 1.84° 131.52 + 2.19° 48.91 + 1.55¢ 63.18 + 0.36° 153.88 + 2.02°
Gal (mg/g) 13.31 + 0.24° ND ND 18.67 + 0.45 9.86 + 0.33° ND

Xyl (mg/g) 3.62 + 0.20° 3.57 + 0.37° 414 + 0.30° 2.44 + 0.20¢ 1.90 + 0.19¢ 6.90 + 0.54
Ara (mg/g) 16.19 + 0.04* 6.04 + 0.134 5.86 + 0.63¢ 6.69 + 0.24° 10.13 + 0.84° 3.55 + 0.20°
Fuc (mg/g) ND ND ND ND ND ND

Results were expressed as means + standard deviation (n = 3). n = 3 means that the repeated experiments were carried out three times.
Values with different letters in each row were significantly different (P < 0.05). GRSDF, GUSDF, WESDF, LISDF, PISDF, and SHSDF
presented the PSL-SDF extracted from Grapefruit, Guanxi pomelo, Wendan pomelo, Liangping pomelo, Pingshan pomelo, and Shatian

pomelo, respectively.

concentrations of PSL-SDFs ranged from 1.49 to
4.30 wt%, which were lower than that of Belgian
endive (Cichorium intybus var. foliosum) by-products
fibers [4]. Among these six PSL-SDF samples,
GUSDF presented the highest contents of ash
(43.01 g/kg) and protein (4.1 g/kg). The lowest ash
content of 14.93 g/kg was observed in GRSDF,
which was consistent with a previous study [12].
Moreover, the protein contents of all PSL-SDFs
were less than 64.6 g/kg, which were comparable to
commercial citrus fiber [13]. In addition, the Mw of
different PSL-SDFs was also analyzed. Significant
differences were existed in the Mw of different PSL-
SDF samples (Table 1). Among these six PSL-SDFs,
SHSDF exhibited the highest Mw (302.28 kDa), fol-
lowed by PISDF (273.24 kDa), WESDF (237.19 kDa),
and GUSDF (218.95 kDa). Above results suggested
that the proximate composition and Mw of PSL-SDF
from different variety pomelos differed significantly.

3.2. WHC, OHC and SC of different PSL-SDFs

To further evaluate the physicochemical proper-
ties of SDFs extracted from pomelo sponge layers,
the WHC, OHC and SC of PSL-SDFs were analyzed.
It is well known that WHC and SC are two hydration
properties of SDF that are important in the ability of
SDF to promote human defecation [21]. As indicated
in Table 1, the WHC and SC of different PSL-SDFs
had great variation. According to previous research,
the WHC and SC of commercial citrus SDF were
11.90 g/g and 16.44 mL/g, respectively, which were

both lower than those of these six PSL-SDFs [22].
Among the six PSL-SDFs, GRSDF showed higher
WHC (19.52 g/g) and SC (55.41 mL/g) in comparison
with other PSL-SDF samples, indicating that GRSDF
might have a better capacity of promoting human
defecation. As is well known, OHC could reflect the
ability of SDF to absorb fat [12]. The highest OHC
was found in GUSDF (11.05 g/g), while LISDF ob-
tained the lowest OHC (3.32 g/g). Hence, in could
presumed that GUSDF might had a better capacity
of promoting fat excretion than LISDF. Furthermore,
the OHC of SDF often had a close relationship with
its protein content [23], and this result was also
observed in these six PSL-SDFs. Above results
indicated that PSL-SDFs had the potential to be used
in the food industry.

3.3. Thermal stability of different PSL-SDFs

DSC is a thermodynamic technique used to
determine the thermal properties and stability of
macromolecules [16]. Therefore, DSC analysis was
used to evaluate the thermal stability of PSL-SDF
samples. As shown in Fig. 24, all PSL-SDFs showed
a 2-step thermal decomposition. Significant varia-
tions in these samples occurred mainly in the tem-
perature range of 10—150 °C and 200—250 °C. The
first endothermic peak of PSL-SDFs transited in the
range of 50—120 °C. The onset and end temperatures
of the first peak (water release) were ranged from
19.13 to 59.37 °C and 77.06—150.00 °C, respectively
(Table S2). It was probably due to the transformation
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Fig. 2. Thermal stability (A), FT-IR spectroscopy (B), XRD patterns (C) and antioxidant activities (D) of different PSL-SDFs. GRSDF, GUSDEF,
WESDF, LISDF, PISDF, and SHSDF presented the PSL-SDF extracted from Grapefruit, Guanxi pomelo, Wendan pomelo, Liangping pomelo,

Pingshan pomelo, and Shatian pomelo, respectively.

of water adsorbed by SDF from a crystalline to the
amorphous structure and the evaporation of free
water [24]. The maximum enthalpy change (AH) of
the first phase peak was found in PISDF (—-270.5 J/g),
indicating that PISDF might contain more free water
and crystal-bound water. In general, the magnitude
of the exothermic enthalpy change was negatively
correlated with the thermal stability. Substances that
required higher temperatures for decomposition
were generally considered to be more thermally
stable [25]. GRSDF and PISDF showed exothermic
peaks in the second stage with exothermic enthalpy
changes of 24.41 J/g and 22.21 ]/g, respectively.
Increased temperature led to the decomposition of
cellulose and hemicellulose, resulting in the gradual
depolymerization of macromolecules and the
appearance of exothermic peak [26]. Above results
demonstrated that the PISDF and GRSDF had lower
thermal stabilities than other four PSL-SDFs.

3.4. Functional groups of different PSL-SDFs

FT-IR spectroscopy could reflect the functional
groups of polysaccharides and the bonding re-
lationships between them. Hence, FT-IR spectros-
copy was used to further analyze the structure of
PSL-SDFs. The FT-IR spectra of all samples exhibi-
ted similar characteristics (Fig. 2B). Specifically,
strong absorption peaks at around 3400 cm ™' with a

broad peak shape were observed, which was
ascribed to —OH stretching vibration. The absorp-
tion bands at 2926 cm ' and 2855 cm ' corre-
sponded to the typical absorbance of
polysaccharide-based polymers the C—H vibration
of the polysaccharide methylene, which was the
typical of the polysaccharide structure [27]. The peak
in the 1200-1800 cm ' wavelength range was related
to the C—O—C and C—O—H vibrations of the sugar
ring [28]. The strong main peak at 1633 cm™ ' was
caused by the —C=0 and valence vibrations in the
carboxyl group, which could be considered as a
binding site for calcium ions, indicating that all PSL-
SDFs could form stronger gels [29]. The absorption
peak at 1748 cm ' was the —CO stretch of —COOH.
The low intensity peak at 897 cm ™' indicated the
presence of mannose bonds [25]. The peaks at
835 cm ™' and 735 cm ™' represented the a-glycosidic
bond stretching vibration and the p-glucopyranose
ring structure in polysaccharides, respectively.

3.5. Crystalline property of different PSL-SDFs

XRD is a powerful technique used for revealing
the crystalline structure of polymers [16]. The
structural property of PSL-SDFs was also evaluated
by XRD analysis, and the result was presented in
Fig. 2C. All PSL-SDF samples exhibited coexistence
of crystalline and non-crystalline states. The same
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diffraction peak (260 = 21°) was observed in all PSL-
SDF samples, which was in agreement with previ-
ous studies [30]. This result indicated that all the
samples had the recognized crystalline structure of
SDF. Therefore, the relative crystallinity of the all
PSL-SDF samples were calculated. Generally, the
smaller the molecular weight of a substance, the
higher the degree of crystallinity [31]. The highest
relative crystallinity (26.52%) was found in GRSDF,
followed by PISDF (23.54%), which was in agree-
ment with Mw results (Table 1). The Mw was re-
ported to be strongly affected by raw material [32].
Accordingly, the difference in relative crystallinity of
these six PSL-SDFs might be due to the difference in
raw material.

3.6. Microstructure of different PSL-SDFs

SEM images exhibited that all PSL-SDF samples
had lamellar structures, except for LISDF, which
had a large number of holes on its surface (Fig. 3).
Meanwhile, some small clusters and spherical sub-
stances were also found on the surface of LISDF.
The LISDF exhibited a compact texture with a
wrinkled surface, cracks and holes, most likely as a
result of residual proteins [33]. According to a pre-
vious study, the microstructure of GRSDF extracted
by heated water method was dense and disorga-
nized with many irregular filaments [12], which was
different from the result of this study. This differ-
ence might be attributed to the different extraction
method. In this study, the extraction of PSL-SDF
using ultrasound combined with enzyme method,
which could enlarge the pores of the plant material

cell walls, resulting a large number of pores on the
surface of SDF [34]. The surface of SDF with more
pores could improve its WHC, OHC and SC [35].
Hence, the GRSDF extracted by ultrasound com-
bined with enzyme method had higher WHC, OHC
and SC than the GRSDF extracted by heated water
method [12].

3.7. Monosaccharide composition of different PSL-
SDFs

Table 1 showed the monosaccharide composition
of different PSL-SDFs, in which eight mono-
saccharides (Man, Rib, Rha, Gala, Glu, Gal, Xyl and
Ara) were detected. However, the Fuc was not
detected in any of the PSL-SDF samples, which was
possible that ultrasound disrupted the glycosidic
bonds of Fuc in the PSL-SDF samples [35]. Among
these detected monosaccharides, Man, Glu, Xyl and
Ara were detected in all PSL-SDFs. The Glu
(59.21—-87.70%) was the most abundant mono-
saccharide in all PSL-SDFs, suggesting that all PSL-
SDF samples were mainly made of B-glucan based
substrates [36]. The Ara was another main mono-
saccharide in PSL-SDFs, which was similar to that in
SDFs extracted from orange peel [37]. In contrast,
the Man and Xyl contents were at low levels in all
PSL-SDF samples. For the other four mono-
saccharides (Rib, Rha, Gala, and Gal), they were
detected in different PSL-SDF samples. Among
them, the Rib was detected in all PSL-SDFs except
GRSDF, while the Rha was detected in all PSL-SDFs
except SHSDF. Meanwhile, the Gal was only
detected in GRSDF, LISDF and PISDF, whereas the

Fig. 3. SEM images of different PSL-SDFs. GRSDF, GUSDF, WESDF, LISDF, PISDF, and SHSDF presented the PSL-SDF extracted from Grapefruit,
Guanxi pomelo, Wendan pomelo, Liangping pomelo, Pingshan pomelo, and Shatian pomelo, respectively.
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Gala was only detected in GRSDF, GUSDF and
WESDF. The above results indicated that there were
differences in the monosaccharide composition of
different PSL-SDF samples, which might have an
impact on their structural characterization and
functional activity [15].

3.8. Bioactive compounds and antioxidant activity
of different PSL-SDFs

Pomelo fruitlets were rich in phenolics and fla-
vonoids, which had the capacities of antioxidant
activities and reducing the risk of inflammation,
mutagenesis and carcinogenesis [38]. Many scholars
had found that the TP, TF and antioxidant activities
of SDF were great influenced by its raw materials
[39]. Therefore, the levels of TP, TF (Table 1) and
antioxidant activity (Fig. 2D) of PSL-SDFs were
analyzed. GRSDF had the highest TP (31.45 mg RE/
g) and TF (3.82 mg GAE/g) contents, while the
lowest TP (9.06 mg RE/g) and TF (1.47 mg GAE/g)
concentrations were found in SHSDF. Compared
with other PSL-SDF samples, the GRSDF showed
the highest antioxidant activity. At the same time,
the lowest antioxidant capacity was observed in
SHSDF. Above results suggested that the TP and TF
contents of PSL-SDFs had a positive relationship
with its antioxidant activity. Moreover, previous
studies had shown that the antioxidant ability of
SDF also had a correlation with its Mw, and the
higher the Mw of SDF, the lower its antioxidant
capacity [40]. Among these PSL-SDFs, GRSDF
exhibited the lowest Mw coupled with the highest
antioxidant ability.

3.9. Digestion tolerance of different PSL-SDFs

The analysis of the tolerance of polysaccharides
to gastrointestinal digestion could be used to
determine whether they could be applied as pre-
biotics to regulate the composition and metabolism
of host gut microbes [41]. Therefore, the resistance
of PSL-SDFs to gastrointestinal digestion was
analyzed (Fig. 4). The hydrolysis degree of PSL-SDF
was used to evaluate its tolerance, and the higher
hydrolysis degree of PSL-SDF, the poorer its
resistance to gastrointestinal digestion. As shown in
Fig. 4A, both the PSL-SDF group and control group
showed a great increase in hydrolysis degree after
2 h of digestion in simulated gastric juice. When
food was retained in the human stomach, the
gastric juices were usually released within 2 h [42].
Therefore, the rate of increase in hydrolysis was
higher from 0 to 2 h than in other digestive time
periods. Moreover, the TS content of all PSL-SDF

groups decreased with increasing digestion time,
while the reduce in TS content of GRSDF group
after 6 h digestion in simulated gastric fluid was
lower than that of other PSL-SDFs. Meanwhile, the
lowest increase rate (7.35%) of RS content was
observed in GRSDF group after in vitro simulated
gastric digestion, which was much lower than that
in the other PSL-SDFs. Hence, after in vitro simu-
lated gastric digestion, a lower hydrolysis degree of
PSL-SDF was found in GRSDF in comparison with
other PSL-SDFs. A previous study also reported
that during the digestion of Plantago asiatica L. seed
SDF by gastric juice, the TS content in the digestate
decreased with increasing digestion time, while RS
content increased [43]. In the in vitro simulated
digestion phase, the conversion of TS to RS was
due to the enzymatic disruption of the PSL-SDF
glycosidic bond and the formation of reducing ends
[44].

Nevertheless, during simulated intestinal fluid
digestion, no significant changes in TS and RS
contents were found in both experimental and
control groups at different digestion times (Figs. 4B,
5C and 5D). Moreover, there was essentially no in-
crease in the hydrolysis of all PSL-SDF groups
compared to the blank control group B, suggesting
that all the PSL-SDFs had strong anti-digestive
properties in the intestine. All PSL-SDFs were
digested to varying degrees as they passed through
simulated gastrointestinal liquid, while at least 50%
of the PSL-SDF would reach the colon. After simu-
lated gastrointestinal digestion, PISDF obtained the
highest hydrolysis level (43.73%), while the lowest
hydrolysis level (17.19%) was found in GRSDF,
revealing that GRSDF had the best digestive resis-
tance in comparison with other SDFs.

3.10. Promotion probiotics growth capacity of
different PSL-SDFs

Based on previous researches, SDF was usually
considered to have the ability to promote the
growth of probiotics [45]. Hence, the promotion
probiotics growth capacity of PSL-SDFs was eval-
uated. No significant change in probiotics numbers
and pH values was found in the blank control group
during fermentation (Fig. 4A, B, C, and D), indi-
cating that the modified carbohydrate-free medium
employed in the present study was a reliable choice
for prebiotic activity experiments. Compared with
the blank control group, PSL-SDF and positive
control groups presented more probiotics pop-
ulations coupled with lower pH values. This result
suggested that all the PSL-SDFs could promote the
growth of L. mesenteroides, L. acidophilus, L. casei
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Fig. 4. Digestion tolerance of different PSL-SDFs. (A) Gastric fluid simulation; (B) Experimental group A for intestinal fluid simulation; (C) Control
group B for intestinal fluid simulation; (D) Control group C for intestinal fluid simulation. Lighter bars of the same color in the graph indicate TS
content and darker bars indicate RS content. GRSDF, GUSDF, WESDF, LISDF, PISDF, and SHSDF presented the PSL-SDF extracted from
Grapefruit, Guanxi pomelo, Wendan pomelo, Liangping pomelo, Pingshan pomelo, and Shatian pomelo, respectively.

and Bifidobacterium, which might be due to their
monosaccharide composition. The glucose was the
main monosaccharide of PSL-SDFs, which was
widely existed in the prebiotic [46]. After cultured
for 48 h, the populations of the four probiotics in
MRS medium supplemented with GRSDF were

significantly higher than those in medium supple-
mented with other PSL-SDFs. Moreover, PISDF
also exhibited a higher promotion probiotics
growth capacity than GUSDF, LISDF, and SHSDF.
These results could be attributed to the GRSDF and
PISDF had a lower Mw. The Mw of polysaccharides
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Fig. 5. Effect of different PSL-SDFs on the growth of Leuconostoc mesenteroides (A), Lactobacillus acidophilus (B), Lactobacillus casei (C), and
Bifidobacterium (D). GRSDF, GUSDF, WESDEF, LISDF, PISDF, and SHSDF presented the PSL-SDF extracted from Grapefruit, Guanxi pomelo,
Wendan pomelo, Liangping pomelo, Pingshan pomelo, and Shatian pomelo, respectively.

had a great impact on their utilization by probiotics,
the lower the Mw of polysaccharides, the easier
they could be utilized by probiotics [47].

3.11. Correlation among the raw materials,
structural property, bioactive compounds and
functional characteristic of PSL-SDFs

To disclose the relationship of raw materials,
structure, bioactive compounds and activity

functional characteristic of different PSL-SDFs,
spearman correlation analysis and principal
component analysis (PCA) were performed (Fig. 6A,
B and C). As presented in Fig. 6A, Mw, TP, TF, Rib,
Rha and Glu of GRSDF, Man and Xyl of SHSDF,
Man and Gal of LISDF, Rib of PISDF, Gala of
GUSDF and WESDF were highlighted in the heat-
map with a strong positive or negative correlative to
the corresponding PLS-SDF. Among the six PSL-
SDFs, GUSDF and WESDF were grouped together,
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Fig. 6. Relationship of raw materials, structure and activity of different PSL-SDFs. (A) Heatmap representation; (B) correlation analysis; and (C) PCA
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pomelo, Wendan pomelo, Liangping pomelo, Pingshan pomelo, and Shatian pomelo, respectively.

which was similar to the results of PCA analysis
(Fig. 6C), showing that they shared similar structural
property, bioactive compounds and activity func-
tional characteristic. In contrast, GRSDF had the
weakest association with other five PSL-SDFs,
which was consistent with the results of the PCA
analysis. Specifically, SHSDF and LISDF had nega-
tive correlations with ABTS+ and DPPH free radical
scavenging ability, while GRSDF showed the
opposite situation. GRSDF was positively correlated
with the promotion of probiotic growth, which was
different from SHSDF and LISDF. These results
might be due to the Mw and monosaccharide
composition of GRSDF were quite different from
those of SHSDF and LISDF [14]. According to pre-
vious studies, Mw, TP, TF, and monosaccharide
composition of polysaccharides had great effects on
their antioxidant and probiotic growth promotion
capacities [39,48]. Hence, the Mw, TP, TF, and
monosaccharide composition of PLS-SDFs were
further investigated in relation to antioxidant ca-
pacity and probiotic growth promotion ability. As
depicted in Fig. 6B, Mw was negatively related to the
antioxidant and probiotic growth promotion capac-
ities of PLS-SDFs (P < 0.01), which was similar with
the results of section 3.1 and 3.10. The increase in
Mw raised the viscosity of the polysaccharide,

leading to an increase in the mass transfer resis-
tance of the polysaccharides, which made it difficult
for microorganisms to utilize the polysaccharides
[47]. Moreover, low Mw polysaccharides were
believed to have more hydroxyl terminals to elimi-
nate free radicals. Fig. 6B exhibited that TP and TF
had positive relationship with antioxidant and pro-
biotic growth-promoting abilities (P < 0.01), which
was similar with a previous study [39]. In addition,
the functional characteristics of PLS-SDFs were also
impacted by their monosaccharide compositions. As
shown in Fig. 6B, Rha and Ara contents of PSL-SDFs
were positively correlated to their antioxidant and
probiotic growth-promoting ability. Gala showed
significantly positive correlation with the ABTS™
free radical scavenging ability (P < 0.01). Gala and
Glu displayed positive relationship with the growth
of L. acidophilus, L. mesenteroides and L. casei
(P < 0.05). Above results suggested that GRSDF
exhibited better antioxidant and probiotic growth-
promoting activities than other PSL-SDFs, which
could be selected for further analysis.

4. Conclusions

In the present study, results revealed that the
varieties of pomelo had a great impact on the
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physicochemical properties (Ash, fat, protein, TP
and TF) of PSL-SDF. The Mw of all PSL-SDFs were
in the range of 124.81—302.28 kDa. Moreover, SDFs
isolated from different pomelo peel spongy layers
displayed good performance in SC, WHC, OHC,
antioxidant activities, resistance to gastric diges-
tion, and probiotic growth-promoting ability.
Indeed, correlation analysis showed that the mul-
tiple beneficial effects of PSL-SDFs were markedly
associated with their Mw and the contents of TP,
TF, Rha, Gala, Gluc and Ara. Compared with other
PSL-SDFs, GRSDF showed better physicochemical
and functional properties. The findings of this
study suggested that these six PSL-SDFs had good
physicochemical and functional characteristics,
especially GRSDF, which had the potential to be

Appendix A. Supplementary materials

Table 1. Detailed information on 6 varieties of pomelo.

used as an additive in functional foods or health
products.
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Pomelo Sample

Location

Characteristic

Company

Grapefruit

Guanxi pomelo

Wendan pomelo

Liangping pomelo

Pingshan pomelo

Shatian pomelo

Zhejiang, China

Fujian, China

Zhejiang, China

Chonggqing, China

Fujian, China

Guangdong, China

Grapefruit fruit shape is oblate to
spherical, smaller than ordinary
pomelo, the heart of the fruit is full,
both bitter and numb tongue flavor,
few or no seeds, multi-embryo, ripe
in mid-October.

Guanxi Pomelo's thin skin, no nu-
cleus, juicy, known as “the crown of
the pomelo”, storage resistance,
mature in late October.

Wendanyu pomelo fruit shape flat
round, thick skin, few seeds, is a
medicinal and dietary fruit, gener-
ally produced in early October.
Liangping pomelo is a flat round
fruit, the top of the fruit is nearly flat,
the base is slightly narrow and
rounded, the skin is thin and
smooth, is China's pomelo pomelo
representative varieties of flat top
type pomelo, commonly known as
“medicine pomelo”, generally ripe
at the end of October.

Pingshan pomelo is oval in shape,
both shoulders are cut, the top of the
fruit is nearly flat, and there is a
convex rib at the tip, sweet and less
acidic flavor, juicy, resistant to stor-
age and transportation, generally
produced in early to mid-
September, is more precocious
pomelo varieties.

Shatian pomelo is pear-shaped or
gourd-shaped, the top of the fruit is
slightly flat, there are obvious rings
and radial grooves, the tip is narrow
and prolonged in the shape of a
neck, crisp and tender flesh, sweet
flavor and juice, is the most widely
planted pomelo varieties in China,
usually produced in late October.

Angin Fruit and Vegetable Special-
ized Cooperative

Pomelo Town Food Co., Ltd.

Lvnian Agricultural Technology Co.,
Ltd

Chongqing Zhuolong E-commerce
Co., Ltd

Pomelo Town Food Co., Ltd.

Meizhou Meixian Fuxinyuan Fruit
Specialized Cooperative Society
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Table 2. Thermal stability of different PSL-SDFs.

Tset (OC) Tpeak (OC) Tend (DC) A H (J/g)
GRSDF First phase peak 58.23 + 0.29° 90.9 + 0.17° 118.37 + 0.46° -2105 + 1.73°
Second phase peak 193.83 + 0.92¢ 214.73 + 0.58° 227.43 + 0.06° 24.41 + 0.13°
GUSDF First phase peak 59.37 + 0.06% 87.5 + 1.04° 150.00 + 0.35% ~163.23 + 0.64¢
Second phase peak 216.83 + 0.98°° 224.03 + 1.33° 230.10 + 1.39° —40.78 + 1.25°
WESDF First phase peak 30.43 + 0.46° 67.7 + 1.91¢ 129.63 + 0.64° ~215.43 + 2.66°
Second phase peak 215.10 + 0.35° 219.40 + 0.17° 22513 + 0.06¢ —2.73 + 0.43f
LISDF First phase peak 56.13 + 0.46° 88.03 + 1.62° 115.67 + 0.98¢ -120.2 + 1.39"
Second phase peak 212.47 + 1.50° 222.6 + 1.04° 230.4 + 1.04° —21.56 + 1.59°
PISDF First phase peak 19.13 + 0.20° 74.57 + 0.98° 97.53 + 0.58° —270.5 + 1.91°
Second phase peak 19253 + 1.50¢ 213.77 + 0.40° 225.83 + 0.58°° 2221 + 0.54¢
SHSDF First phase peak 30.00 + 0.35° 57.70 + 1.56° 77.06 + 0.92° ~133.6 + 1.73°
Second phase peak 217.53 + 1.09% 222.00 + 2.25% 230.57 + 1.50% —45.16 + 1.35%
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