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Impacts of hot water extraction (HWE), pressurized water extraction (PWE), high-speed shearing homogeniza-
tion extraction, microwave assisted extraction (MAE), ultrasound assisted extraction (UAE), ultrasound assisted
enzymatic extraction, and ultrasound-microwave assisted extraction (UMAE) on physicochemical characteristics
and bioactivities of polysaccharides from loquat (Eriobotrya japonica) leaves (LLPs) were investigated. Results
showed that the degrees of esterification, contents of phenolics and uronic acids, constituent monosaccharides,
apparent viscosities, and molecular weights of LLPs varied by different extraction methods. Bioactivities of LLPs
were also significantly affected by different extraction methods. The high molecular weight and high degree of
esterification of LLP-Wand LLP-P extracted byHWE and PWE, respectively,might contribute to their strong bind-
ing capacities. The strong antioxidant activities and inhibitory effects on α-amylase and α-glucosidase were
found in LLP-M and LLP-U extracted by MAE and UAE, respectively, which might be attributed to their contents
of uronic acids, contents of total phenolics, and molecular weights. The lowmolecular weights and viscosities of
LLP-U and LLP-UM extracted by UMAE might contribute to their strong prebiotic effects. These findings could
provide scientific foundations for selecting appropriate extraction methods to obtain LLPs with desired bioactiv-
ities for applications in the pharmaceutical and functional food industries.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Loquat (Eriobotrya japonica L.) is a semitropical fruit tree widely dis-
tributed in Southeastern China, which is classified as the Rosaceae fam-
ily [1]. In China, loquat leaves are highly requested as a prevalent raw
material of tea and an important traditional Chinesemedicine [2–4]. Ex-
tracts of loquat leaves have been proved to possess various biological ac-
tivities [5,6], such as anti-inflammatory [7], hepatoprotective [8,9], anti-
diabetic, anti-obesity [10], and antioxidant effects [11].Moreover, previ-
ous studies have demonstrated that polysaccharides which richly dis-
tribute in loquat leaf have superlative in vitro anti-obesity and anti-
diabetic effects [12]. Hence, polysaccharides from loquat leaves (LLPs)
have potential applications in the pharmaceutical and functional food
industries.

Extraction processes are essential on the application of natural poly-
saccharides in the pharmaceutical and functional food industries, which
Wu@sicau.edu.cn (D.-T. Wu).
have great effects on the extraction yields, physicochemical properties,
and biological activities of natural polysaccharides [13,14]. Hot water
extraction (HWE) is the simple and convenient method for the extrac-
tion of natural polysaccharides [14,15]. However, the drawbacks of
HWE contain high extraction temperature, long extraction time, and
low extraction efficiency [16,17]. Currently, the extraction techniques,
including microwave assisted extraction (MAE) [18,19], pressurized
water extraction (PWE) [20,21], high-speed shearing homogenization
extraction (HSHE) [22–24], ultrasonic assisted extraction (UAE)
[25,26], ultrasonic assisted enzymatic extraction (UAEE) [27–29], and
ultrasound-microwave assisted extraction (UMAE) [30,31], are carried
out to extract polysaccharides from natural resources. Compared with
the HWE, the extraction efficiency of MAE, PWE, HSHE, UAE, UAEE,
and UMAE is much higher [32]. MAE is environmental friendly in
terms of its reduced use of energy and solvents, which accelerate the
mass transfer of target compounds by using its microwave energy
[18]. The high pressure and temperature of PWE improve the solubility
of object compounds, allowing them to penetrate better into the sample
matrix [20,21,33]. HSHE is an extraction technique with high efficiency,
low extraction temperature, less energy consumption, and short
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extraction time [23]. UAE as an energy efficient method gives high ex-
traction yield, which is fast and requires less solvent [29]. At present,
the combination of ultrasound with microwave (UMAE) or enzyme
(UAEE) has also been carried out to improve the extraction efficiency
of polysaccharides from natural resources [23,27,28,31]. However, the
impacts of different extractionmethods on the physicochemical charac-
teristics and bioactivities of LLPs have never been investigated. It is un-
known that whether the physicochemical characteristics and
bioactivities of LLPs are affected by different extraction methods.

Hence, for the purpose of evaluating the impacts of different extrac-
tion methods on physicochemical characteristics and bioactivities of
LLPs, seven extraction methods, including HWE, MAE, PWE, HSHE,
UAE, UAEE, and UMAE, were applied to extract polysaccharides from lo-
quat leaves. Then chemical characteristics, rheological properties,
in vitro antioxidant activities, inhibitory effects on α-amylase and α-
glucosidase, binding capacities, and prebiotic activities of LLPs obtained
by different extractionmethodswere compared. Results from this study
will give scientific foundations for selecting appropriate extraction
methods for obtaining LLPs with the relatively high bioactivities,
which will expand their potential applications in the pharmaceutical
and functional food industries.

2. Material and methods

2.1. Material and reagents

2.1.1. Chemicals and reagents
Loquat leaves (Eriobotrya japonica cv. Chuannong8) were purchased

from Chengdu, Sichuan Province, China. Loquat leaves were cut into
small pieces, and then dried by microwave at 400 W, and pulverized.
The 60mesh sievewas used to screen the powder, and then the powder
was stored at−20 °C.

2,2′-Azino-bis (3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), α-
glucosidase (10 U/mg), soluble starch, α-amylase (1000 U/mg),
acarbose, griess reagent, 1-phenyl-3-methyl-5-pyrazolone (PMP), vita-
min C, 2,2-diphenyl-1-picrylhydrazyl (DPPH), butylated hydroxytolu-
ene (BHT), and 4-nitrophenyl β-D-glucopyranoside (pNPG) were
bought from Sigma-Aldrich (St. Louis, MO, USA). The free cholesterol
assay kit was bought from Solarbio (Beijing, China). Other chemicals
utilized in this work were of analytical grade.

2.1.2. Bacterial strains
Three Lactobacillus strains, including L. rhamnosus CICC 6133,

L. rhamnosus CICC 6151, and L. acidophilus CICC 6089, were bought
from China Center of Industrial Culture Collection, and cultivated ac-
cording to a method reported formerly [34].

2.2. Preparation of LLPs by different extraction methods

2.2.1. Hot water extraction
HWE was performed based on our experiment reported formerly

with slight modifications [12]. Briefly, 1.0 g of sample was firstly
refluxed with 10.0 mL of 80% (v/v) ethanol at 80 °C for 1 h. Then,
30.0 mL of deionized water was added into the extraction residue for
the further extraction of polysaccharides at 95 °C for 2 h. Then the pro-
tein in the crude extracts was removed by pancreatin (1 U/mL). Three
volumes of 95% (v/v) ethanol were added to precipitate crude polysac-
charides. After centrifugation, the crude polysaccharides were washed
with 70% (v/v) ethanol. Finally, LLPs obtained by HWE were freeze
dried and coded as LLP-W.

2.2.2. Microwave assisted extraction
MAE was also carried out by the formerly optimized method with

slight revisions [26]. In brief, 1.0 g of sample was firstly refluxed with
10.0 mL of 80% (v/v) ethanol at 80 °C for 1 h. Then, 40.0 mL of deionized
waterwas added into the extraction residue for the further extraction of
polysaccharides by utilizing a microwave oven (MKJ-J1-3, Qingdao
Makewave Microwave Applied Technology Co., Ltd., Shandong, China)
at 500 W for 6.5 min. Finally, after the treatment procedures as de-
scribed in Section 2.2.1, LLPs extracted by MAE were freeze dried and
coded as LLP-M.

2.2.3. Pressurized water extraction
PWE was carried out by the previously reported method with slight

revisions [20]. In brief, 1.0 g of sample was firstly refluxedwith 10.0 mL
of 80% (v/v) ethanol at 80 °C for 1 h. Then, 30.0 mL of deionized water
was added into the extraction residue for the further extraction of poly-
saccharides by utilizing a laboratory-scale high pressure reactor (LEC-
300, Shanghai Laibei Scientific Instruments Co., Ltd., Shanghai, China)
at 55 °C and 1.8 MPa for 40 min. Finally, after the treatment procedures
as described in Section 2.2.1, LLPs extracted by PWE were freeze dried
and coded as LLP-P.

2.2.4. High-speed shearing homogenization extraction
HSHE was carried out based on the optimized experiment with

slight modifications [23]. In brief, 1.0 g of sample was firstly refluxed
with 10.0 mL of 80% (v/v) ethanol at 80 °C for 1 h. Then, the extraction
residue was further mixed with 50.0 mL of deionized water, and ex-
tracted by using a high-speed shearing homogenization (AD500S-H,
ANGNI Instruments Co., Ltd., Shanghai, China) at 7500 rpm for 10 min
at room temperature. After the treatment procedures as described in
Section 2.2.1, LLPs extracted by HSHE were obtained and coded as
LLP-HSH.

2.2.5. Ultrasonic assisted extraction
UAE was performed by the optimized method with slight revisions

[26]. In brief, 1.0 g of sample was firstly refluxed with 10.0 mL of 80%
(v/v) ethanol at 80 °C for 1 h. Then, the extraction residue was further
extractedwith 40.0mL of deionized water by utilizing an ultrasonic ho-
mogenizer (JY92-IIN, Ningbo Scientz Biotechnology Co., Ltd., China) at
450 W for 20 min. Finally, after the treatment procedures as described
in Section 2.2.1, LLPs extracted by UAE were obtained and coded as
LLP-U.

2.2.6. Ultrasonic assisted enzymatic extraction
UAEE was performed by an optimized experiment with some mod-

ifications [35]. Firstly, 1.0 g of sample was refluxed with 10.0 mL of 80%
(v/v) ethanol at 80 °C for 1 h. Then, the extraction residue was mixed
with 40.0 mL of deionized water and 50.0mg of cellulase, and extracted
by using an ultrasonic homogenizer (JY92-IIN, Ningbo Scientz Biotech-
nology Co., Ltd., China) at 450W for 20min. Finally, after the treatment
procedures as described in Section 2.2.1, LLPs extracted by UAEE were
obtained and coded as LLP-UE.

2.2.7. Ultrasound-microwave assisted extraction
UMAEwas carried out by the combination of ultrasound assisted ex-

traction andmicrowave assisted extraction. The ultrasound assisted ex-
traction was performed as described in Section 2.2.5. Then, the
extraction mixture was further extracted by MAE as described in
Section 2.2.2. Finally, after the treatment procedures as described in
Section 2.2.1, LLPs extracted by UMAE were obtained and coded as
LLP-UM.

2.3. Characterization of LLPs obtained by different extraction methods

2.3.1. Chemical components analysis
The proteins, uronic acids, total polysaccharides, and total phenolics

in LLPs were measured by the Bradford's method, the m-
hydroxydiphenyl method, the phenol-sulfuric acid method, and the
Folin-Ciocalteu assay according to our previous studies [12,36],
respectively.
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2.3.2. Analysis of molecular weights and constituent monosaccharides
The absolute weight-average molecular weights (Mw) and polydis-

persities (Mw/Mn) of LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-U, LLP-UE,
and LLP-UMwere detected by high performance size exclusion chroma-
tography equippedwith themulti angle laser light scattering and refrac-
tive index detector (HPSEC-MALLS-RID, Wyatt Technology Co., Santa
Barbara, CA, USA) [12]. ShodexOHpakSB-806MHQ(300mm×8.0mm,
i.d.) columnwas used for the isolation of LLPs at 35 °C. In addition, con-
stituentmonosaccharides of LLPswere also analyzed by the high perfor-
mance liquid chromatography (ThermoFisher, Waltham, MA, USA)
equippedwith a phenomenex gemini 5u C18 110A (150mm× 4.6 mm,
5 μm) column based on the method reported formerly [12].

2.3.3. Fourier transform infrared spectroscopy analysis
The LLPs were grounded with KBr powder, depressed into a 1-mm

pellet, and detected by a Nicolet iS 10 FT-IR (ThermoFisher scientific,
Waltham, MA, USA) according to the method reported formerly [12].

2.4. Rheological measurements

Rheological properties of LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-U, LLP-
UE, and LLP-UM were detected by the formerly reported method [37].
The rheological properties of LLPswere determined at the concentration
of 0.4% (w/v) by using a Discovery Hybrid Rheometer-1 (DHR-1, TA in-
struments, New Castle DE, USA) with a parallel steel plate (40 mm di-
ameter, 1.0 mm gap).

2.5. Determination of in vitro binding properties

The assay of in vitro binding capacities of LLPs was carried out by the
formerly reported methods [12]. The fat binding capacities, cholesterol
binding capacities, and bile acid binding capacities of LLPs were exhib-
ited as gram of binding fat per gram of LLPs (g/g), milligram of binding
cholesterol per gram of LLPs (mg/g), and a percent of blank control (%),
respectively.

2.6. Determination of in vitro antioxidant activities

The ABTS, DPPH, nitric oxide (NO) scavenging activities, and reduc-
ing powers of LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-U, LLP-UE, and LLP-
UM were detected by the formerly reported methods [20,38]. The LLPs
were detected at five different concentrations against distilled water
as blank control, and the BHT or vitamin C was utilized as the positive
control. Afterwards, a log-regression curve was set up for calculating
IC50 values (mg/mL).

2.7. Determination of in vitro α-amylase and α-glucosidase inhibitory
effects

α-Amylase and α-glucosidase inhibitory effects of LLP-W, LLP-M,
LLP-P, LLP-HSH, LLP-U, LLP-UE, and LLP-UM were detected by the for-
merly reported methods [12]. The positive control was acarbose. The
LLPs were detected at five different concentrations, and the calculation
of IC50 values (μg/mL) was carried out by setting up a log-regression
curve.

2.8. Determination of in vitro prebiotic activities

The in vitroprebiotic activities of LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-
U, LLP-UE, and LLP-UM were detected by a modified method reported
formerly [39]. In brief, the MRS broth containing 0.05% (w/v) L-
cysteine without carbohydrates was utilized as the basal medium. Ef-
fects of LLPs on the growth of three Lactobacilli strains, including
L. rhamnosus CICC 6133, and L. rhamnosus CICC 6151, L. acidophilus
CICC 6089, were investigated. Inulin and the basal MRS were taken as
the positive control and blank control, respectively. Each sample was
dissolved in the MRS broth at the concentration of 0.5% (w/v). The con-
centration of each Lactobacilli strain was set as 1 × 107 CFU/mL. Both
L. rhamnosus CICC 6151 and L. acidophilus CICC 6089 were incubated
at 37 °C, and L. rhamnosus CICC 6133was incubated at 30 °C for 24 h, re-
spectively. Finally, the optical density values at 600 nm were
determined.

2.9. Analysis of total short chain fatty acids (SCFAs)

The total SCFAs of the fermented broths were investigated by a
method reported formerly [40]. Firstly, the fermented broths were cen-
trifuged at 8000 ×g for 10 min, and the 400 μL of supernatants were
mixed with 400 μL of internal standard (0.05 M of 2-ethylbutyric
acid). Then each sample was analyzed by the Agilent 7890B GC system
(Agilent Technologies, Santa Clara, CA, USA) with a HP-INNOWAX col-
umn (30 m × 0.25 mm × 0.25 μm, Agilent Technologies, Santa Clara,
CA, USA) and a flame ionization detection. The GC operation conditions
were set as follows: the flow rate of nitrogen, 30 mL/min; the flow rate
of air, 260 mL/min; the follow rate of hydrogen, 30 mL/min; the injec-
tion volume, 1 μL; the injection temperature, 250 °C; the detector tem-
perature, 250 °C; the initial oven temperature, 100 °C for 1 min, next
raised to 180 °C by 5 °C/min, then kept at 180 °C for 2 min.

2.10. Statistical analysis

All the data were displayed as themeans± standard deviations, and
the experiments were performed in triplicate. The statistical signifi-
cances were conducted by the analysis of variance (ANOVA) (SPSS soft-
ware, version 24.0), followed by Duncan's test.

3. Results and discussions

3.1. Physicochemical characteristics of LLPs

3.1.1. Chemical compositions
The extraction yields and chemical compositions of polysaccharides

extracted from loquat leaves by different extraction methods were
expressed in Table 1. The extraction yields of LLP-W, LLP-M, LLP-P,
LLP-HSH, LLP-U, LLP-UE, and LLP-UM ranged from 2.95% to 5.05%,
which were close to the previous study (ranged from 3.62% to 5.29%)
[12]. Results showed that the extraction yields of LLP-P, LLP-U, LLP-UE,
and LLP-UM were significantly (p b 0.05) higher than that of LLP-W
(Table 1), which suggested that the PWE, UAE, UAEE, and UMAE
methods possessed higher extraction efficiency than that of HWE. The
high pressure of PWE and the behavior of cavitation bubbles upon
mass transfer from UAE, UAEE, and UMAE might increase the solvent
diffusion rate and the solubility of target components, allowing them
to penetrate better into the sample matrix to increase the extraction
yields [13,14,34,40,41]. Moreover, the contents of total polysaccharides
in LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-U, LLP-UE, and LLP-UM ranged
from 81.67% to 89.42%, which were quiet close to the previous study
(ranged from 81.80% to 83.07%) [12]. A few proteins were detected in
LLPs, which ranged from 5.64% to 6.96%. Results showed that polysac-
charides were the major bioactive compounds in LLPs. The contents of
uronic acids in LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-U, LLP-UE and LLP-
UM were determined to be 34.11%, 33.45%, 33.54%, 33.88%, 35.47%,
33.73%, and 34.37%, respectively, which were closed to the former
study (ranged from 27.04% to 41.46%) [12]. It has been confirmed
that the relatively high content of uronic acids in LLPs indicated the
presence of pectin-like acidic polysaccharides in the loquat leaves
[20,26,38]. The highest content of uronic acids was detected in LLP-
U obtained by UAE among all tested samples. This phenomenon
was also observed in some previous studies [13,19]. Furthermore, al-
thoughmost of phenolic compoundswere taken away by ethanol ex-
traction and ethanol precipitation, a few phenolic compounds were
also detected in LLPs. The contents of total phenolic compounds in



Table 1
Chemical compositions of LLPs.

LLP-W LLP-M LLP-P LLP-HSH LLP-U LLP-UE LLP-UM

Extraction yield (%) 2.95 ± 0.04c 3.11 ± 0.05bc 5.05 ± 0.49a 3.16 ± 0.04bc 4.53 ± 0.04abc 4.73 ± 2.17ab 4.93 ± 0.67a

Total polysaccharides (%) 85.86 ± 0.35b 85.82 ± 0.27b 81.67 ± 0.38e 82.52 ± 0.40d 84.46 ± 0.50c 89.42 ± 0.24a 86.18 ± 0.26b

Total uronic acids (%) 34.11 ± 0.81b 33.45 ± 0.33b 33.54 ± 0.26b 33.88 ± 0.46b 35.47 ± 0.21a 33.73 ± 0.59b 34.37 ± 0.85b

Total phenolics (mg GAE/g) 15.43 ± 0.04f 34.36 ± 0.01a 25.53 ± 0.44d 28.60 ± 0.06c 29.61 ± 0.68b 23.78 ± 0.05e 28.82 ± 0.22c

Total proteins (%) 6.56 ± 0.35a 6.95 ± 0.13a 5.64 ± 0.92a 6.73 ± 0.17a 6.96 ± 1.01a 6.77 ± 0.32a 6.91 ± 1.60a

Degree of esterification (%) 17.78 ± 0.43bc 15.80 ± 0.14c 21.88 ± 0.92a 18.15 ± 0.17b 18.59 ± 1.01b 18.37 ± 0.32b 12.80 ± 0.17d

LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-U, LLP-UE, and LLP-UM, polysaccharides extracted by HWE, MAE, PWE, HSHE, UAE, UAEE, and UMAE, respectively; Values represent mean± standard
deviation, and superscripts a–f differ significantly (p b 0.05) among LLPs.
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LLPs ranged from 15.43 ± 0.04 to 34.36 ± 0.01 mg GAE/g, which in-
dicated that LLPs might contain natural phenolic-polysaccharide
conjugates [37]. Contents of total phenolic compounds in LLPs were
also affected by different extraction methods. The lowest content of
phenolic compounds was detected in LLP-W among all tested sam-
ples, which might be attributed to the degradation under the high
temperature and long extraction time of HWE [42].
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Fig. 1. High performance size exclusion chromatograms of LLPs. LLP-W, LLP-M, LLP-P, LLP-HSH
UAEE, and UMAE, respectively.
3.1.2. Molecular weights and constituent monosaccharides
Biological activities of polysaccharides are generally connected with

their molecular weights and constituentmonosaccharides [43]. Thence,
impacts of different extraction procedures on molecular weights and
constituent monosaccharides of LLPs were studied. As displayed in
Fig. 1, the HPSEC-RID chromatograms of LLPs were significantly im-
pacted by different extraction methods. Four polysaccharide fractions
time (min)
10.0 15.0 20.0

0.0

D
iff

er
en

tia
l r

ef
ra

ct
iv

e 
in

de
x 

(R
IU

)

2.0x10-6

4.0x10-6

6.0x10-6 RIDLLP-UE

5 4

time (min)
15.0 20.0

0.0
10.0

1.0x10-5

5.0x10-6

D
iff

er
en

tia
l r

ef
ra

ct
iv

e 
in

de
x 

(R
IU

) RIDLLP-UM

5 4

time (min)
10.0 15.0 20.0

0.0

2.0x10-6

4.0x10-6

6.0x10-6

D
iff

er
en

tia
l r

ef
ra

ct
iv

e 
in

de
x 

(R
IU

)

RIDLLP-HSH

1 2 3 4

0.0

2.0x10-6

4.0x10-6

6.0x10-6

time (min)
10.0 15.0 20.0

D
iff

er
en

tia
l r

ef
ra

ct
iv

e 
in

de
x 

(R
IU

)

LLP-U

5 4

RID

, LLP-U, LLP-UE, and LLP-UM, polysaccharides extracted by HWE, MAE, PWE, HSHE, UAE,



A

400

200

0

10 15 20 25 30 355
Time (min)

A
bs

or
ba

nc
e 

m
A

U

MS

LLP-W

LLP-M

LLP-P

LLP-U

LLP-UE

LLP-HSH

LLP-UM

PMP

Man Rha
GlcA GalA Glc

Gal

Ara

Xyl

LLP-W

LLP-M

LLP-P

LLP-U

LLP-UE

LLP-HSH

LLP-UM

4000 3500 3000 2500 2000 1500 1000 500
-100

-50

0

50

100

3416.67 

2931.82
1733.06

1616.94 1417.49 1250.04 

Wave number (cm-1)

Tr
an

sm
itt

an
ce

  (
%

)

B
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(fractions 1 to 4) were measured in LLP-W, LLP-M, LLP-P, and LLP-HSH,
while only two polysaccharide fractions (fraction 4 and fraction 5) were
detected in LLP-U, LLP-UE, and LLP-UM. Molecular weights of polysac-
charide fractions 1 to 4 in LLP-W, LLP-M, LLP-P, and LLP-HSH ranged
from 9.178 × 106 to 9.971 × 106 Da, from 1.701 × 106 to
2.890 × 106 Da, from 0.216 × 106 to 0.450 × 106 Da, and from
0.106 × 106 to 0.366 × 106 Da (Table 2), respectively. Moreover, the
polysaccharide fraction 5 in LLP-U, LLP-UE, LLP-UM might be related
to the degradation of polysaccharide fraction 1 caused byultrasonic pro-
cesses [14,26], and the molecular weights of polysaccharide fraction 5
and polysaccharide fraction 4 in LLP-U, LLP-UE, and LLP-UM ranged
from 0.531 × 106 to 3.373 × 106 Da, and from 0.099 × 106 to
1.366 × 106 Da, respectively. Furthermore, the significantly (p b 0.05)
lower molecular weights were found in LLPs (LLP-U, LLP-UE, and LLP-
UM) prepared by ultrasonic assisted processes among all tested sam-
ples. It has been confirmed that the high ultrasonic power might de-
grade the molecular weights of natural polysaccharides during
extraction [26]. Results suggested that ultrasonic assisted processes
could be used as an efficient technique for preparing more uniform
polysaccharides. Furthermore, the polydispersities of polysaccharide
fractions 1 to 4 in LLP-W, LLP-M, LLP-P, and LLP-HSH matched with
the HPSEC chromatograms, and ranged from 1.07 to 1.29, from 1.15 to
1.39, from 1.07 to 1.23, and from 1.05 to 1.11, respectively. The polydis-
persities of polysaccharide fraction 5 and fraction 4 in LLP-U, LLP-UE,
and LLP-UM ranged from 1.66 to 1.80, and from 1.07 to 1.12, respec-
tively, which also matched with the HPSEC chromatograms.

Furthermore, Fig. 2A demonstrated that theHPLC-UV profiles of LLP-
W, LLP-M, LLP-P, LLP-HSH, LLP-U, LLP-UE and LLP-UMwere similar, and
rhamnose (Rha), mannose (Man), galacturonic acid (GalA), arabinose
(Ara), galactose (Gal), glucuronic acid (GlcA), glucose (Glc), and xylose
(Xyl) were measured in LLPs. Result showed that the monosaccharide
types of LLPs prepared by different extraction procedures were similar,
which was in accordance with the reported study [12]. Table 2 summa-
rized the molar ratios of Rha, Man, GalA, Ara, Gal, GlcA, Glc and Xyl in
LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-U, LLP-UE and LLP-UM, which
were varied by different extraction procedures. Similar studies have
also demonstrated that different extraction methods can affect the
molar ratios of monosaccharide compositions of natural polysaccha-
rides [20,26]. Furthermore, themajormonosaccharides in LLPswere de-
termined as Rha, Man, GalA, Ara, and Gal, which suggested that
Table 2
Molecular weight (Mw), polydispersity (Mw/Mn), and molar ratios of constituent monosacchar

LLP-W LLP-M LLP-P

Mw × 106 (Da)
Fraction 1 9.971 ± 0.228a 9.799 ± 0.199b 9.178 ± 0.199d

Fraction 2 1.701 ± 0.051d 2.890 ± 0.063a 2.246 ± 0.040c

Fraction 3 0.399 ± 0.018a 0.216 ± 0.008b 0.242 ± 0.008b

Fraction 4 0.190 ± 0.007d 0.106 ± 0.004f 0.153 ± 0.006e

Fraction 5 – – –

Mw/Mn

Fraction 1 1.10 1.07 1.13
Fraction 2 1.21 1.39 1.33
Fraction 3 1.07 1.18 1.23
Fraction 4 1.11 1.07 1.05
Fraction 5 – – –

Monosaccharides and molar ratios
Rhamnose 1.00 1.00 1.00
Mannose 0.84 0.83 0.78
Galacturonic acid 0.92 1.08 1.62
Arabinose 0.66 0.97 1.07
Galactose 0.37 0.70 0.70
Glucuronic acid 0.22 0.16 0.30
Glucose 0.15 0.59 0.15
Xylose 0.02 0.24 0.31

LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-U, LLP-UE, and LLP-UM, polysaccharides extracted by HWE
Values represent mean ± standard deviation, and superscripts a–f differ significantly (p b 0.05
rhamnogalacturonan I (RG I), homogalacturonan (HG), and mannan
might exist in LLPs [12].

3.1.3. FT-IR spectra and esterification degree
The structural features of LLPs were also determined by the FT-IR

spectroscopy. The FT-IR spectra of LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-
ides of LLPs.

LLP-HSH LLP-U LLP-UE LLP-UM

9.332 ± 0.193c – – –
2.544 ± 0.108b – – –
0.450 ± 0.023a – – –
0.366 ± 0.016c 0.099 ± 0.001f 1.366 ± 0.006a 0.826 ± 0.003b

– 0.531 ± 0.001a 1.689 ± 0.003c 3.373 ± 0.007b

1.29 – – –
1.15 – – –
1.10 – – –
1.09 1.12 1.08 1.07
– 1.78 1.66 1.80

1.00 1.00 1.00 1.00
0.82 0.82 0.90 0.84
0.74 0.72 0.83 0.92
0.84 0.90 1.25 0.66
0.59 0.61 0.84 0.37
0.15 0.16 0.20 0.22
0.12 0.51 0.41 0.15
0.03 0.24 0.29 0.02

, MAE, PWE, HSHE, UAE, UAEE, and UMAE, respectively.
) among LLPs.



PC LLP-UM LLP-U LLP-UE LLP-M LLP-HSH LLP-P LLP-W
0

2.0

4.0

6.0

8.0

Fa
t b

in
di

ng
 (g

/g
)

aab
bcbc

dd

c

e

25
a

A

B

513Y. Fu et al. / International Journal of Biological Macromolecules 146 (2020) 508–517
U, LLP-UE, and LLP-UM were similar, which displayed in Fig. 2B. The
strong absorption peaks at 3416.67 cm−1 and 2931.82 cm−1 were the
characteristic stretching absorption peaks of O\\H and C\\H absorption
[20,26]. The signal at 1733.06 cm−1 was the esterified carboxylic groups
[12]. Furthermore, the signal at 1616.94 cm−1 was the C = O, demon-
strating the LLPs were acidic polysaccharides [20,43]. The signal at
1417.49 cm−1 was related to C\\H or O\\H [44]. Further, the signal at
1250.04 cm−1 was the C\\O\\C, consisting with the existence of
\\OCH3 [12]. The absorption peaks in 800–1200 cm−1 named finger-
print area were quiet similar, suggesting that the structures of LLPs pre-
pared by different extraction methods were similar [45]. There is no
signal at 1651 cm−1 and 1555 cm−1 which called typical protein
band, indicating only a fewproteins existed in LLPs. Additionally, the de-
grees of esterification (DE) of LLPswere also detected by FT-IR spectros-
copy assay. As shown in Table 1, the highest DE value was detected in
LLP-P (21.88%), followed by lower DE values in LLP-U (18.59%), LLP-
UE (18.37%), LLP-HSH (18.15%), LLP-W (17.78%), and LLP-M (15.80%),
and the lowest DE value in LLP-UM (12.80%). It has been confirmed
that the low DE might be related to the harsh extraction conditions
which promoted the de-esterification of polygalacturonic chains [46].
Several studies have demonstrated that the lower DE of natural polysac-
charides may contribute to their higher antioxidant activity [26,38].

3.2. Rheological properties

The ideal functional properties of natural polysaccharides, such as
foaming, gelling, thickening, and emulsifying properties, have been de-
tected and discussed for a long time [47,48]. Therefore, impacts of differ-
ent extraction procedures on the apparent viscosities of LLPs were
studied. As shown in Fig. 3A, the apparent viscosities of LLPs associated
with the shear rate. The non-Newtonian shear thinning behaviors could
be found in LLPs solutions at low range of shear rate (0.01–50 s−1),
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Fig. 3. Dependence of apparent viscosity on the shear rate (A) and plots of storage
modulus G′ and loss modulus G″ against frequency (B) for LLPs. LLP-W, LLP-M, LLP-P,
LLP-HSH, LLP-U, LLP-UE, and LLP-UM, polysaccharides extracted by HWE, MAE, PWE,
HSHE, UAE, UAEE, and UMAE, respectively.
while the closely Newtonian flow behavior was found at high rang of
shear rate (50–100 s−1). It has been proved that the shear thinning be-
havior of polysaccharides could associate with the disentanglement of
molecular chains in solution [49]. Furthermore, results showed that dif-
ferent extractionmethods significantly affect the apparent viscosities of
LLPs, which was similar with the previous study [23]. The strongest ap-
parent viscosity was measured in LLP-W among all tested samples,
while the lowest apparent viscosities were detected in LLPs (LLP-U,
LLP-UE, and LLP-UM) prepared by ultrasonic assisted processes
(Fig. 3A). It has been proved that the reduction of viscosity of natural
polysaccharides is related to the decrease of molecular weight and its
distribution [50], and LLPs (LLP-U, LLP-UE, and LLP-UM) prepared by ul-
trasonic assisted processes have relatively low molecular weights
(Table 2).
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LLPs. PC, positive control; LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-U, LLP-UE, and LLP-UM,
polysaccharides extracted by HWE, MAE, PWE, HSHE, UAE, UAEE, and UMAE,
respectively. Carboxymethyl cellulose was used as positive control in fat binding and
cholesterol binding abilities, and cholestyramine was used as positive control in bile acid
binding ability; values represent mean ± standard deviation, and superscripts a–e differ
significantly (p b 0.05) among LLPs.



514 Y. Fu et al. / International Journal of Biological Macromolecules 146 (2020) 508–517
Polysaccharides are viscoelastic materials, the dynamic measure-
ments can be taken to estimate the solid and liquid characters of LLPs
[51]. The constant strain of 10% has been chosen for the frequency
sweep, which belonged to the linear viscoelastic region. As shown in
Fig. 3B, the storage modulus (G′) and loss modulus (G″) of LLPs solu-
tions (0.4%, w/v) increased while the oscillation frequency increased
at 25 °C. The liquid-like behavior of LLPs was found at low frequency
where the G″ was higher than the G′. The weak gel-like behavior of
LLPs was found at a certain frequency where the G′ began to exceed
the G″ [37]. The higher molecular weight always displayed the higher
G′ and G″ [52]. Moreover, the crossover points of G′ and G″were signif-
icantly influenced by different extraction methods.

3.3. In vitro binding properties

Previous studies have shown that LLPs exhibited strong in vitro bind-
ing capacities [12]. Hence, impacts of different extraction procedures on
the in vitro fat, cholesterol, and bile acid binding capacities of LLPs were
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studied. As shown in Fig. 4, the fat binding, cholesterol binding, and bile
acid binding capacities of LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-U, LLP-UE
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9.21 ± 0.65 mg/g to 21.39 ± 1.30 mg/g, and from (46.21 ± 3.98)% to
(63.70± 2.63)%, respectively. The higher binding properties can be eas-
ily found in LLPs when compared with the positive controls. Results
demonstrated that different extraction methods significantly affected
the fat binding, cholesterol binding, and bile acid binding capacities of
LLPs. The stronger binding capacities were detected in both LLP-W
and LLP-P among all tested samples, and theweakest binding capacities
were found in LLP-UMamong all tested samples. It has beenproved that
the strong binding capacities of natural polysaccharides are affected by
their highmolecular weights, high DEs, andwidemolecular weight dis-
tributions [12,20,37,53]. The relatively strong binding capacities of LLP-
P might be attributed to its high degree of esterification and molecular
weights. Results suggested that the PWE could be used as an efficient
extraction method for preparing LLPs with relatively high binding ca-
pacities for industrial applications.
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3.4. In vitro antioxidant activities

Extracts of loquat leaves have been proved to possess strong antiox-
idant activities [11]. Therefore, impacts of different extraction proce-
dures on the antioxidant activities of LLPs were studied. Fig. 5A, B, C,
andD showed theABTS, DPPH, andnitric oxide radical scavenging activ-
ities, and reducing powers of LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-U, LLP-
UE, and LLP-UM. As displayed in Fig. 5A, B, and C, the IC50 values of ABTS,
DPPH, and nitric oxide radical scavenging activities of LLP-W, LLP-M,
LLP-P, LLP-HSH, LLP-U, LLP-UE, and LLP-UM were determined from
0.942 to 1.831 mg/mL, from 0.871 to 6.50 mg/mL, and from 0.317 to
0.916 mg/mL, respectively. Furthermore, as shown in Fig. 5D, LLPs also
displayed strong reducing powers, and the absorbance at 700 nm of
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fruit [37,44]. Furthermore, results demonstrated that different extrac-
tion procedures significantly influenced antioxidant activities of LLPs.
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molecular weights might contribute to the strong antioxidant activities
of LLP-M and LLP-U, respectively. Results indicated that the MAE and
UAE could be the potential extraction techniques for obtaining LLPs
with high antioxidant effects.

3.5. In vitro α-amylase and α-glucosidase inhibitory effects

The major strategy to counteract metabolic alterations associated
with type 2 diabetes is the inhibition of α-glucosidase and α-amylase
activities. Previous study has demonstrated that pectic-
polysaccharides extracted from loquat leaves exhibit outstanding
in vitro α-amylase and α-glucosidase inhibitory effects [12]. Therefore,
impacts of different extraction procedures on the in vitro α-amylase
and α-glucosidase inhibitory effects of LLPs were studied. As shown in
Fig. 5E and F, the excellent inhibition effects on α-amylase and α-
glucosidase of LLPs were detected. The IC50 values of α-amylase inhibi-
tion of LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-U, LLP-UE, and LLP-UMwere
determined from 0.015 to 0.088 mg/mL. Results indicated that LLPs
exerted moderate inhibitory effects on α-amylase when compared
with the positive control (acarbose). Different extraction methods sig-
nificantly affected the inhibitory effects of LLPs on α-amylase. The
higher α-amylase inhibitory effects were measured in LLP-M and LLP-
U among all tested samples. Furthermore, the IC50 values of α-
glucosidase inhibition of LLP-W, LLP-M, LLP-P, LLP-HSH, LLP-U, and
LLP-UE were determined from 0.031 to 0.234 mg/mL. Compared with
the positive control (acarbose, IC50 = 1.441 mg/mL), LLPs prepared by
different extraction methods displayed strong inhibitory effects on α-
glucosidase. The α-glucosidase inhibitory effects of LLPs were also af-
fected by different extraction processes. The higher α-glucosidase in-
hibitory effects were also detected in LLP-M and LLP-U among all
tested samples. The strong in vitro α-amylase and α-glucosidase inhib-
itory effects of LLP-U and LLP-Mmight be related to their high contents
of uronic acids and high contents of total phenolics [12,55–57]. Results
suggested that both UAE and MAE could be potential extraction
methodswith high efficiency for preparing LLPs with high inhibitory ef-
fects on α-amylase and α-glucosidase.

3.6. In vitro prebiotic activities

It has been proved that beneficial effects of natural polysaccharides
are greatly associated with the effects on gut microbiota [39]. Hence,
the effects of LLPs prepared by different extraction methods on the
growth of probiotics were investigated. As shown in Fig. 6, all LLPs
and inulin (positive control) could significantly promote the growth of
three Lactobacilli strains, including L. rhamnosus (CICC 6133),
L. rhamnosus (CICC 6151), and L. acidophilus (CICC 6089). Compared
with the inulin, all LLPs exhibited strong prebiotic effects. Furthermore,
the prebiotic effects of LLPs were also affected by different extraction
processes, whichwere similarwith the previous study that prebiotic ac-
tivities of natural polysaccharides were significantly influenced by dif-
ferent extraction processes [39]. The higher promotion effects on the
growth of three Lactobacilli strains were determined in LLP-UM and
LLP-U among all tested samples. It has been confirmed that the lowmo-
lecular weights and low viscosities of natural polysaccharides may con-
tribute to their high prebiotic effects [34,39,40]. Therefore, the high
prebiotic effects of LLP-UM and LLP-U might be related to their rela-
tively low viscosities and low molecular weights. Furthermore, as
displayed in Fig. 6, all LLPs and inulin could significantly promote the
production of total SCFAs from Lactobacilli strains. Compare with the in-
ulin, all LLPs also exhibited strong abilities to promote the production of
total SCFAs from Lactobacilli strains. The higher contents of total SCFAs
produced by Lactobacilli strains were also observed in LLP-UM and
LLP-U. Results revealed that the prebiotic activities of LLPs were signifi-
cantly impacted by different extraction methods. Both UAE and UMAE
methods could be potential techniques for preparing LLPs with desired
prebiotic effects for applications in the pharmaceutical and functional
food industries.

4. Conclusions

Physicochemical characteristics and bioactivities of LLPs were no-
ticeably affected by different extraction methods. Degrees of esterifica-
tion, contents of phenolics, molar ratios of constituent
monosaccharides, apparent viscosities, and molecular weights of LLPs
were varied by different extraction methods. The strong binding capac-
ities were measured in LLP-W and LLP-P. The strong antioxidant activi-
ties and inhibitory effects on α-amylase and α-glucosidase were found
in LLP-M and LLP-U. Furthermore, the strong prebiotic effects were de-
tected in LLP-U and LLP-UM. These findings could provide scientific
foundations for selecting appropriate extraction methods to obtain
LLPs with desired bioactivities for industrial applications.
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