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The polysaccharides from blackcurrant (Ribes nigrum L.) fruits were degraded by ultrasonic irradiation. Results
showed that viscosity-average molecular weight decreased with increasing ultrasonic time or power. The degra-
dation was fitted to the second-order kinetics model and midpoint chain scission model. Gas chromatographic
analysis demonstrated that the native polysaccharide and three degraded polysaccharides were composed of
the same monosaccharides but in different ratios. Fourier transform infrared and nuclear magnetic resonance
spectroscopic analyses revealed the presence of α-, β-pyranose rings and the same six sugar residues in the
four blackcurrant polysaccharides. Compared to the native polysaccharide, three degraded polysaccharides
displayed better rheological properties and stronger protective effects against erythrocyte hemolysis. Collec-
tively, the results support the potential utility of blackcurrant polysaccharides as natural antioxidants.

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

Blackcurrant (Ribes nigrum L.) fruit is a small, dark-purple berry that
is widely applied to produce jams, wines and juices [1]. Blackcurrant is
also healthy and contains many beneficial substances including antho-
cyanins, flavonols, phenolic acid, polysaccharides, vitamins and organic
acids [1,2]. Previousfindings have demonstrated that blackcurrant fruits
possess various beneficial effects on human health, such as hypoglyce-
mic, antiviral, antimicrobial and anti-cancer effects [3,4]. Polysaccha-
rides, as one of the main active components in blackcurrant, are
claimed to possess immunoregulatory, antioxidant, anti-tumor, antivi-
ral and hypoglycemic capacities, etc. [1,5,6]. Our previous research re-
vealed that blackcurrant polysaccharides exhibited the high molecular
weight and lowwater solubility [7], which influenced their bioactivities
and utilization in vivo. It is considered that the polysaccharides with
larger molecular weight are very hard to span multiple cell membrane
into tissues to take effects [8]. Moreover, several literature has proved
that the low-molecular-weight polysaccharides always possess better
bioactivities, making themmore useful in themedicine and food indus-
try [7–9]. Consequently, it is important to establish an effective, rapid
and green technique for polysaccharides degradation to increase their
u@neau.edu.cn (Y. Yang).
physiological activities and expand the applications in the food and
pharmaceutical industries.

At present, the techniques proposed for polysaccharides degradation
mainly include chemical degradation, physical degradation and enzy-
matic hydrolysis [8,10]. Chemicalmethods (e.g., oxidation andacidhydro-
lysis) have some shortcomings including high environmental pollution
and complicated post-treatment [9,11]. Enzymatic degradation requires
the use of various high-cost enzymes, limiting their industrial application
[9,12]. Reported methods for physical degradation include ultrasound
[10], microwave [13], thermal treatment [14], and gamma irradiation
[15]. Among them, the ultrasonic degradation has gained considerable at-
tention in recent years because it is a rapid, mild and environment-
friendly technique that can improve the bioactivities of the polysaccha-
rides with only minor structural destruction [10,12,16].

In our previous study, blackcurrant polysaccharides obtained by hot-
water extraction were degraded using the ultrasonic irradiation at
power of 400 and 600 W, and the treatment of Fe2+-H2O2 at two con-
centrations. These studies revealed that the degradation treatment re-
duced the molecular weight of blackcurrant polysaccharides and
improved the biological activities of the crude polysaccharides, while
the basic structure of the polysaccharides was not changed [5,7]. How-
ever, the degradation kinetics model and chain scission model of
blackcurrant polysaccharides were not evaluated. The establishment
of the degradation kinetics model is important for the preparation of
the polysaccharides with the desired molecular weight. In addition,
chemiluminescence method was used to evaluate the antioxidant
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activities in these reports, which had limited accuracy. Recently, cell
models have become a mainstreammethod to evaluate the antioxidant
activity and reveal the action mechanism based on a realistic biological
environment [17,18]. However, limited information is available for the
polysaccharides from small berry fruits.

In this study, blackcurrant polysaccharides were extracted using com-
plex enzymaticmethod and degraded by ultrasonic irradiation. The kinet-
ics of the degradation, and the influences of ultrasonic power on the
molecular weight, rheological properties and structure of the polysaccha-
rideswere systematically studied. In addition, the protection effects of the
high-purity polysaccharides against erythrocyte hemolysiswere assessed.
2. Materials and methods

2.1. Materials and reagents

The ripe fruits of blackcurrant (Heifeng)were acquired fromMudan-
jiang Institute of Agricultural Science (Mudanjiang, China). The samples
were washed, packed under vacuum, and stored at−20 °C prior to use.
A series of dextrans (T-10, T-40, T-70, T-110, T-500 and T-2000) were
purchased from Baierdi Biotechnology Co. (Beijing, China). Dextran
(T-3755) was provided by American Polymer Standards Corp. (Ohio,
USA). Sephacryl S-500 was purchased from Shanghai Yuanye Biotech-
nology Co., Ltd. (Shanghai, China). Pectinase (1000 U/mg) and papain
(500 U/mg) were purchased from Beijing Obo Star Biotechnology Co.,
Ltd. (Beijing, China). Rabbit erythrocyte was obtained from Guangzhou
Hongquan Biotechnology Co., Ltd. (Guangzhou, China). Glutathione
(GSH) and malondialdehyde (MDA) assay kits were purchased from
Nanjing Building Technology Co., Ltd. (Nanjing, China). All other re-
agents were of analytical grade.
2.2. Preparation of the polysaccharides from blackcurrant fruits

A complex enzymatic method was used to extract the polysaccha-
rides. Briefly, 20.0 g homogenate of blackcurrant fruits with a moisture
content of 76.20%±0.62%wasmixedwith deionizedwater (400.0mL),
and then the complex enzymes including papain (60.0 mg) and
pectinase (30.0mg)were added to themixture. The suspensionwas ex-
tracted at 50 °C for 50 min, and then the residue was removed by vac-
uum filtration. The supernatant was concentrated, and precipitated by
the addition of anhydrous ethanol to a final concentration of 75.0% (v/
v) and then kept at 4 °C overnight. The polysaccharide precipitate was
obtained by vacuum filtration using a 0.45 μm filter paper. Subse-
quently, the crude polysaccharides were redissolved in distilled water,
and purifiedwith a D4006macroporous resin according to our previous
study [7]. The fraction containing the polysaccharides component was
pooled, concentrated, and lyophilized to obtain the polysaccharides
sample, which was designated as BP (blackcurrant polysaccharides)
and used in the subsequent trials.
2.3. Degradation of the polysaccharides by ultrasonic irradiation

Ultrasonic degradation was performed in an ultrasonic cell crushing
instrument (JY92-IIV, Ningbo Xinzhi Biotech Co., Ltd., Ningbo, China)
with amaximumoutput power of 1000W. Briefly, a 100mLbeaker con-
taining 50mLof BP solution (5.0mg/mL)was immersed into an ice bath
to keep solution at a temperature of 10 ± 2 °C, then ultrasound probe
with 6 mm diameter was dipped into the solution with fixed depth of
2.0 cm in all experiments. Then BP solution was treated intermittently
(1 s on, 1 s off) at different ultrasonic powers (300, 500 and 700 W)
for different time periods (5, 10, 15, 20, 30, 40, 60, 80 and 100 min) to
prepare degraded polysaccharides. The series of degraded polysaccha-
rides solutions were concentrated, freeze-dried and used for standby.
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2.4. Determination of intrinsic viscosity and viscosity-average molecular
weight

The intrinsic viscosity [η] of the polysaccharides solution was
assayed by an Ubbelohde viscometer at 25 ± 0.1 °C [19]. In brief, differ-
ent concentrations of the polysaccharides were prepared. The relative
viscosity(ηr) and specific viscosity (ηsp) were computed using following
formulas (1) and (2), respectively. All the experimental sets were per-
formed 3–5 times, and the reproducibility for the determination of ef-
flux time was within 0.2 s. Subsequently, plots of ηsp/c against c
(concentration of the polysaccharide solution) and lnηr/c against c
were drawn, and [η] of thepolysaccharideswas obtained from the inter-
cept of a dual extrapolation [20].

ηr ¼
t
t0

ð1Þ

ηsp ¼ ηr−1 ð2Þ

where, t and t0 represent the efflux time for the polysaccharide solution
and deionized water, separately.

The viscosity-average molecular weight (Mη) of the polysaccharide
is related to its [η] by Mark-Houwink equation (shown in Eq. (3)). The
values of the experience parameters (K and α) are decided by the type
of polymer, solvent and temperature for viscosity assay. In this study,
the intrinsic viscosity [η] of four dextran standard sampleswas obtained
from the intercept of a dual extrapolation (Fig. S1). Subsequently, the
curve of lg[η] versus lgM was drawn (Fig. S2), where lgK and α stand
for the intercept and slope of the plot, separately. As a result, the values
of K and α are 0.6446 and 0.3146, respectively.

η½ � ¼ KMα
η ð3Þ

2.5. Degradationmodels of the polysaccharides under ultrasonic irradiation

2.5.1. Degradation kinetics models
Graphical analysis was used to investigate the degradation kinetics

models of the samples under different ultrasonic power. The first-
order and second-order reaction kinetics models were used to estimate
ultrasonic degradation behavior of the polysaccharides [21], which
were expressed as Eqs. (4) and (5), respectively:

ln
Mt

M0

� �
¼ −kt ð4Þ

1
Mt

−
1
M0

¼ kt ð5Þ

where k is the degradation rate constant (min−1 and mol·g−1·min−1,
respectively); t is the treatment time (min); Mt and M0 are viscosity-
average molecular weight at time t and at time 0 (Da), separately.

2.5.2. Chain scission models
Midpoint chain scission (shown in Eq. (6)) and random chain scis-

sion (shown in Eq. (7))were used to describe the behavior of chain scis-
sion of the polysaccharides under ultrasonic irradiation [22].

ln
M0−Mlim

Mt−Mlim

� �
¼ k1Mlimt ð6Þ

Mlim

Mt
þ ln 1−

Mlim

Mt

� �
¼ −

k2
c
t

Mlim

m

� �2

þMlim

M0
þ ln 1−

Mlim

M0

� �
ð7Þ

whereM0, c represent molecular weight and concentration of the sam-
ple at time 0;Mt,Mlim andm aremolecular weight at time t, the limiting



Fig. 1. Effect of ultrasonic irradiation on theMη.
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molecular weight, and the molecular weight of monomer, individually;
k1 and k2 refer to the degradation rate constant.

2.6. Purification of the polysaccharides

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activ-
ities of a series of degraded polysaccharides were determined according
to our previous report [7]. In view of DPPH radical scavenging abilities
(data not be shown) and molecular weight of these degraded polysac-
charides, the three degraded polysaccharides obtained by treatment at
ultrasonic power of 300, 500 and 700 W for 60 min were selected for
subsequent study.

BP and three degraded polysaccharides were purified by Sephacryl
S−500 column (1.6 × 50 cm) chromatography. Briefly, the sample solu-
tion (1.0 mL, 10.0 mg/mL) was injected into the column, and then was
eluted with deionized water at a flow rate of 0.8 mL/min. The collected
eluant (1.0 mL/tube) was monitored using the phenol‑sulfuric acid
method [23]. The main fraction containing the polysaccharides was
combined, concentrated, and lyophilized. Consequently, purified
blackcurrant polysaccharides (PBP) and three degraded polysaccha-
rides (U-300, U-500 and U-700) were obtained, respectively.

2.7. Physicochemical properties of the polysaccharides

2.7.1. Molecular weight analysis
The molecular weights of the polysaccharides were determined by

high-performance liquid chromatography (HPLC) based on our previ-
ous study [6].

2.7.2. Calculation of the degradation degree
The degradation rate of the molecular weight was defined as Eq. (8)

[24].

Degradation rate ¼ Mw0−Mwt

Mw0
� 100% ð8Þ

where Mw0 and Mwt are the weight-average molecular weight at ultra-
sonic time 0 and at time t, respectively.

2.7.3. Chemical composition analysis
Total sugar content was quantitatively determined using the

phenol‑sulfuric acid means [23]. Uronic acid content was estimated
through the carbazole‑sulfuric acid method using D-galacturonic acid
(GalA) as a standard [25]. Monosaccharide composition was detected
on gas chromatography (GC, Shimadzu Corporation, Kyoto, Japan)fitted
with a flame ionization detector and an RTX-1701 silica capillary col-
umn (30.0 m × 0.25 mm × 0.25 μm). The processes were employed as
the described previously [26].

2.7.4. Rheological analysis
Rheological properties of PBP and the degraded products (U-300, U-

500 and U-700) were evaluated using a Discovery HR-1 hybrid rheom-
eter (TA Instruments, New Castle, USA) equipped with a cone-plate
(60mmdiameter, 1mmgap, 1° angle) at 25.0±0.1 °C. Briefly, the poly-
saccharides solution (8.0 mg/mL, 7.0 mL) was moved to the plate and
equilibrated for 10min prior to themeasurement. The apparent viscos-
ity wasmeasured under shear rate sweeping from 1 to 100 s−1. Storage
modulus (G′) and loss modulus (G″) were evaluated with angular fre-
quency (1 to 1000 rad/s) at 1% strain within linear viscoelastic region.

2.7.5. Fourier-transform infrared spectrometer (FT-IR) and nuclear mag-
netic resonance (NMR)

PBP and the degraded polysaccharides (U-300, U-500 and U-700)
were ground with potassium bromide powder and then pressed into
pellets for FT-IR spectroscopic analysis (ALPHA-T, Bruker Instruments,
740
Ettlingen, Germany), The FT-IR spectra were recorded in the frequency
range of 500–4000 cm−1.

For NMR analysis, the polysaccharides were dissolved in D2O
(99.9%) and transferred into the NMR-tube. 1D-NMR (1H NMR and 13C
NMR) spectra and 2D-NMR spectra including homonuclear correlation
(COSY) and heteronuclear single quantum coherence (HSQC), were
gained on an AVANCE III HD 500 MHz NMR spectrometer (Bruker Cor-
poration, Zurich, Switzerland) at 25 °C.
2.8. Assays of hemolysis protection of erythrocyte

2.8.1. Hemolysis rate of erythrocyte induced by H2O2

The effects of the polysaccharides on H2O2- induced hemolysis were
investigated based on the previous study [27]. Trolox was served as the
control. The hemolysis inhibition rate was computed according to
Eq. (9):

Hemolysis inhibition rate ¼ B−
A1

A0

� �
� 100% ð9Þ

where A1 refers to the absorbance of the supernatant diluted byNaCl so-
lution; A0 refers to the absorbance of the supernatant diluted by distilled
water; B represents the hemolysis rate induced byH2O2 (1.0mmol/L) in
the absence of the polysaccharides.

2.8.2. H2O2-induced GSH content in erythrocyte
GSH level was determined using a GSH assay kit according to the

manufacturer's manual.When dinitrobenzoic acidwasmixedwith sulf-
hydryl compounds, a yellow compound was generated and assayed at
420 nm. Trolox was used as the control and GSH content was presented
as gGSH/L.

2.8.3. H2O2-induced MDA content in erythrocyte
MDA level was detected adopting MDA kit in accordance with the

instructions. MDA reacted with thiobarbituric acid (TBA) to generate
red compounds, which were assayed at 532 nm. Trolox was served as
the control.
2.9. Statistical analysis

All testswere conducted in triplicate and the data were presented as
means± standard deviation. The statistical analyses were done by SPSS
18.0 (SPSS Inc., Chicago, USA). A probability level of P < 0.05 was set to
examine statistical significance for all tests.



Table 1
Parameters of degradation models for BP under different ultrasonic power.

Ultrasonic
power (W)

First-order
degradation
kinetic

Second-order
degradation
kinetic

Midpoint
scission

Random
scission

k R2 k R2 k R2 k R2

300 0.0201 0.966 0.1033 0.983 0.0390 0.983 0.0113 0.711
500 0.0263 0.986 0.1929 0.997 0.0508 0.982 0.0195 0.759
700 0.0309 0.979 0.2537 0.990 0.0564 0.989 0.0246 0.776
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3. Results and discussion

3.1. Effect of ultrasonic irradiation on Mη

The Mη of the polysaccharides under different ultrasonic power as a
function of time was depicted in Fig. 1. It was observed that the Mη

under different ultrasonic power decreased with increasing ultrasonic
time. For the same treatment time, the higher ultrasonic power
corresponded to a smallerMη. These results demonstrated that the ultra-
sonic power had an important effect on the degradation of blackcurrant
polysaccharides. After ultrasonic treatment for 100 min, Mη decreased
from 6.12 × 107 to 9.40 × 106, 8.00 × 106, and 4.65 × 106 Da under ultra-
sonic power of 300, 500 and 700 W, separately. Similarly, the molecular
weight of the polysaccharides from Phellinus linteus mycelia and sea cu-
cumber fucoidan decreased with increasing ultrasonic power [16,24]. In
addition, the Mη decreased rapidly within the first 20 min of ultrasonic
treatment the degradation ratewas 73.04% at 700W, but decreased slowly
in the range of 20–100min. Similar resultswere also obtained inultrasonic
treatment of other polysaccharides, including dextran [24], schizophyllan
[21], apple pectin [28] and polysaccharides from Phellinus linteus mycelia
[12]. The influence of ultrasonic irradiation on the degradation of the poly-
saccharidesmay be ascribed to cavitation action [12,16]. In a certain range,
higher ultrasonic power increases cavitation energy and the quantity of
cavitation bubbles, leading to the enhancement in efficiency of energy
transmission into the reaction system [16,28]. Thus, an obvious decrease
inMη was observed with increasing ultrasonic power.
Fig. 2.Thedegradationmodel curves of BPunder different ultrasonic powers. (A) First-order deg
model; and (D) random scission model.
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3.2. Degradation model analysis

3.2.1. Degradation kinetics models
To evaluate the degradation behavior of ultrasonic treatment on BP,

kinetic curves of thefirst- and second-order reactions and related kinet-
ics parameters are shown in Fig. 2A–B and Table 1. It is observed that (1/
Mt-1/M0) of second-order mathematical model for BP presented better
linear relationship with treatment time under various ultrasonic
power, and the correlation coefficient (R2) was closer to 1. Thus,
second-order mathematical model was more suitable to illustrate the
degradation behavior of BP. In addition, as shown in Table 1, k elevated
with the ultrasonic power increasing. This phenomenonmay be related
to the enhancement of cavitation, which ultimately provides more
chance for the breakage of the polysaccharide chains [12]. It was re-
ported that some polysaccharides such as Phellinus linteus mycelia
radation kineticmodel; (B) second-order degradation kineticmodel; (C)midpoint scission



Fig. 3. (A) Effect of shear rate on the apparent viscosity of PBP and ultrasound-treated
polysaccharides. (B) Storage modulus (G′) and loss modulus (G″) of four polysaccharides.
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polysaccharides [12] Auricularia auricula polysaccharide [10], apple pec-
tin [28] and Schizophyllan [21] have also been found to follow second-
order degradation kinetics under ultrasonic treatment.

3.2.2. Chain scission mode
In general, two simple models (midpoint and random fracture

models) have been developed to describe the position of polymers
chain fracture. Midpoint fracture model presumes that the chain frac-
ture occurs in the center of the chain skeleton; in contrast, the random
fracture model supposes the polymer breakage is random, and any
chain linkage possesses the same fracture probability [22,24].

As shown in Fig. 2C–D, theplot ofmidpoint scissionmodel presented
better linear relationship than that of random scission model. Besides,
the R2 value of the midpoint scission model (>0.98) demonstrated
that this model was more reasonable to describe the experimental
data (Table 1). Thus, the ultrasonic degradation of BP occurred primarily
through the midpoint scission. Similarly, the midpoint scission model
was found to bemore appropriate for describing ultrasonic degradation
of schizophyllum polysaccharide [29] and dextran [24]. These findings
can be attributed to the collapse of cavitation bubbles near the center
of gravity of the polysaccharide molecule, resulting in the breaking of
approach to the middle of molecular chains [24,30].

3.3. Effect of ultrasonic irradiation on the physicochemical properties

3.3.1. Mw, degradation degree and chemical composition
As shown in Fig. S3, HPLC chromatograph of PBP and the degraded

polysaccharides (U-300, U-500 and U-700) contained single narrow
elution peaks, demonstrating that these four polysaccharides were ho-
mogeneous fractions. Their physicochemical properties are presented
in Table 2. Obviously, theMwof the degraded polysaccharides decreased
obviously with the increase of ultrasonic power, and the degradation
rate of the polysaccharide at 700 W was 94.38%. Similarly, the Mw of
Phellinus linteusmycelia decreased significantly with the increase of ul-
trasonic power intensities, and the Mw was reduced by 48.49% after
treatment for 60 min under the ultrasonic power intensities of 453 W/
cm2 [12].

As shown in Table 2, the four polysaccharides had similar total sugar
contents, while the degraded polysaccharides exhibited higher uronic
acid contents compared to PBP. One possible explanation was that
after ultrasonic treatment, more uronic acid inside the polysaccharide
was exposed [32]. Moreover, the native polysaccharide and degraded
polysaccharides were consisted of the same monosaccharide species
(Fig. S4 and Table 2), and Ara, Rha and Gal were the major component
in the four polysaccharides, suggesting ultrasound degradation did not
affect the monosaccharide composition. However, slight differences in
the monosaccharide molar ratios were observed among the four
Table 2
Physicochemical properties of PBP, U-300, U-500 and U-700.

Physicochemical
properties

Samples

PBP U-300 U-500 U-700

Mw (Da) 8.13 × 106 3.39 × 106 1.74 × 106 4.57 × 105

Degradation (%) 58.31% 78.62% 94.38%
Total sugar (%) 86.28

± 0.36a
87.30
± 1.37a

89.45
± 0.32b

88.68
± 0.44b

Uronic acid (%) 23.60
± 0.27a

27.32
± 0.12b

29.84 ± 0.24c 31.24
± 0.18d

Monosaccharide (mol%)
Rha 27.24 22.11 27.77 25.48
Ara 46.91 51.45 43.73 50.39
Man 3.81 3.96 5.59 3.84
Glc 4.18 4.21 7.39 3.19
Gal 17.86 18.27 15.52 17.10

Different letters in the same line indicate significant differences (P < 0.05).
Rha: rhamnose; Ara: arabinose; Man: mannose; Glc: glucose; Gal: galactose.
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polysaccharides. Similarly, the polysaccharides from Auricularia auricula
andGanoderma lucidum before and after the ultrasonic degradation also
had the same monosaccharide composition but different molar ratios
[10,32].

3.3.2. Rheological properties
In general, polysaccharides with good rheological properties can be

applied in food, biomedicine and other industries [33,34]. The steady
Fig. 4. FT-IR spectra of PBP and ultrasound-treated polysaccharides.



Fig. 5. The NMR spectra of PBP and ultrasound-treated polysaccharides in D2O. (A) 1H NMR spectra of PBP (A-1); U-300 (A-2); U-500 (A-3); and U-700 (A-4). (B) 13C NMR spectra of PBP
(B-1); U-300 (B-2); U-500 (B-3); and U-700 (B-4). 2D NMR spectra of U-700 (C, D) and PBP (E, F): (C, E) 1H–1H COSY; (D, F) 1H–13C HSQC.
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shear flow curves of the polysaccharide solutions are described in
Fig. 3A. PBP and two of the degraded polysaccharides (U-300 and U-
500) exhibited both shear-thinning and Newtonian fluid behaviors
743
depending on the shear rate. The shear-thinning behaviorwas indicated
by the decreasing viscosity with increasing shear rate from 0.1 to 5 s−1.
However, at high shear rates (5–100 s−1), near-Newtonian fluid



Table 3
1H and 13C NMR chemical shifts of H1/C1.

Samples Chemical shifts of H1/C1 (ppm)

PBP 5.05/107.20 4.63/106.12 4.46/104.15 4.92/101.09 5.29/99.88 4.97/96.62
U-300 5.16/109.16 4.55/107.11 4.35/103.37 4.87/101.16 5.24/100.26 4.97/97.82
U-500 5.16/107.53 4.56/106.30 4.42/103.88 4.85/100.33 5.23/99.98 4.97/97.62
U-700 5.17/108.29 4.57/106.37 4.41/103.54 4.82/101.03 5.26/99.50 4.99/97.45
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behavior was observed, as indicated by the almost constant viscosity.
Earlier reports suggested that flow directions of polysaccharides with
long and disorderly chains tend to be aligned, thus polysaccharides
chains are gradually disentangled as the shear rate increased, resulting
in a Newtonian plateau at high shear rate [33,34]. Additionally, the ap-
parent viscosity of U-700 was the lowest and remained almost constant
with changing shear rate, indicating U-700 solution was close to the
property of Newtonian fluid. It is probably explained that the breakage
of the polysaccharides chains is strengthened with the power increase,
and thus the intermolecular interactions are weakened, and the chain
is difficultly entangled [31]. These results revealed the power of ultra-
sonic degradation led to remarkable changes in the rheological behavior
of the polysaccharides from blackcurrant. Similarly, konjac
glucomannan and apple pectin were also turned to Newtonian fluid
under high ultrasonic power [28,31].

The changes in G′ and G″ with angular frequency are illustrated in
Fig. 3B. It could be observed that theG′ and G″ values of all four polysac-
charides increasedwith increasing angular frequency, and bothG′ andG
″ were lower for the degraded polysaccharides than for PBP. As pre-
sented in Fig. 4B, both the degraded polysaccharides and PBP solutions
were viscoelastic fluids, which displayed liquid-like behavior (G″ > G′)
in the low-frequency region, and weak gel behavior (G″ < G′) in the
high-frequency region. Similar results were obtained for the polysac-
charides from Rosa roxburghii Tratt [33]. Moreover, the crossover angu-
lar frequencies of the four polysaccharides presented at 229.94 (PBP),
198.69 (U-300), 157.83 (U-500) and 125.37 rad/s (U-700), separately.
Obviously, crossover frequencies of the degraded polysaccharides
were lower than that of PBP, and decreased with increasing power. A
low crossover frequency is thought to indicate good gelling character
and system stability [35]. Thus, compared to PBP, the degraded polysac-
charides possessed better rheological properties, andmay be used in the
food industry [33].

3.3.3. FT-IR analysis
As shown in Fig. 4, the FT-IR spectra of the polysaccharides before

and after ultrasonic treatment were nearly identical. The absorption
bands at 3409.08, 2920.02 and 1732.09 cm−1 belonged to O\\H, C\\H
and C_O stretching vibration, respectively [7]. The peaks appeared at
1614.57 and 1435.93 cm−1 confirmed the existence of free forms
(non-esterified) of carboxylic group (–COO−) [12,35]. The presence of
Table 4
1H and 13C NMR chemical shifts of 1H/13C. (A–F) U-700; (A′–F′) PBP.

Sugar residues Chemical shifts of 1H/13C (ppm)

1 2 3

α-L-Araf-(1→ A 5.13/108.29 4.10/82.15 3.88/7
A′ 5.05/107.20 4.07/83.45 3.89/7

→6)-β-D-Galp-(1→ B 4.57/106.37 3.50/72.87 3.66/7
B′ 4.63/106.12 3.59/72.07 3.66/7

→3,6)-β-D-Glcp-(1→ C 4.41/103.54 3.21/72.31 3.40/8
C′ 4.46/104.15 3.28/72.85 3.42/8

→4)-β-D-Manp-(1→ D 4.82/101.03 4.10/74.50 3.88/7
D′ 4.92/101.09 4.10/71.46 3.87/7

→2)-α-L-Rhap-(1→ E 5.26/99.50 4.10/78.6 3.87/6
E′ 5.29/99.88 4.10/77.93 3.89/6

→4)-α-D-GalAp-(1→ F 4.99/97.45 3.83/69.37 4.13/7
F′ 4.97/96.62 3.90/69.16 4.12/7
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pyranose ring was supported by the absorption bands at 1103.46 and
1017.95 cm−1 [33,36]. The characteristic absorption bands at 919.95
and 825.56 cm−1 indicated simultaneous existence of α- and β-
glycosidic bonds [7,33]. These results indicated that the ultrasonic deg-
radation did not change the characteristic organic groups of the
polysaccharides.

3.3.4. NMR analysis
NMR spectroscopywas applied to interpret the structural features of

PBP before and after ultrasonic treatment. As observed in Fig. 5A–B, the
1H and 13C NMR spectra of U-300, U-500 and U-700 were similar to
those of PBP. The chemical shifts of typical peaks appeared in δH
4.0–5.5 and δC 90.0–110.0, suggesting the existence of both α-and β-
anomeric configurations in the four polysaccharides [6]. In addition,
six signal peaks in the anomeric region were observed, respectively
(data shown in Table 3). Obviously, the signals were almost the same
in the four polysaccharides, implying the existence of the same glyco-
sidic linkage patterns. The six main glycosyl types belonged to α-L-
Araf, β-D-Galp, β-D-Glcp, β-D-Manp, α-L-Rhap and α-D-GalAp
[37–41].Moreover, the significant signal at approximately δ 176was at-
tributed to C-6 galacturonic acid residues [40,41].

To provide detailed structural information of the polysaccharides,
the 2D NMR (COSY and HSQC) spectra of U-700 and PBP are displayed
in Fig. 5C–F. According to the 2D NMR spectra and the published refer-
ences, U-700 and PBP had the same six types of glycosidic linkage pat-
terns, which were confirmed as α-L-Araf-(1→, →6)-β-D-Galp-(1→,
→3,6)-β-D-Glcp-(1→, →4)-β-D-Manp-(1→, →2)-α-L-Rhap-(1→, and
→4)-α-D-GalAp-(1→ (the chemical shifts are shown in Table 4). These
results demonstrated that ultrasonic treatment did not change the
main chain structure of blackcurrant polysaccharides.

3.4. Effect of the polysaccharides on erythrocyte hemolysis

Erythrocytes are themost commonblood cells that transport oxygen
to body tissues via the blood. However, erythrocytes are highly suscep-
tible to oxidative damage because of the high content of oxygen, hemo-
globin (Hb), and membrane polyunsaturated fatty acid [42,43].
Hydrogen peroxide (H2O2), as an important reactive oxygen species
(ROS), can easily cross cell membrane, and react with Hb to product re-
active radical species. Then these radical species will react immediately
References

4 5 6

9.45 4.03/82.77 3.67/62.20 – [39,41]
7.93 4.16/82.78 3.66/61.27 –
3.65 3.94/69.27 3.88/76.01 4.01/69.03 [39]
2.24 3.97/69.20 3.83/75.11 4.02/70.36
4.52 3.33/68.55 3.52/76.44 3.73/70.1 [40]
2.96 3.36/69.75 3.52/73.80 3.66/70.69
6.21 3.78/76.03 3.56/77.60 3.73/62.02 [37]
5.64 3.77/76.72 3.58/77.26 3.89/62.61
8.60 3.45/73.01 3.66/68.12 1.06/16.50 [38,39]
8.56 3.34/72.27 3.61/68.20 1.12/16.58
4.50 4.38/78.69 4.57/72.31 176.49 [38,39]
4.60 4.45/78.31 4.65/71.04 176.48
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with anything in vicinity, and eventually lead to the oxidative stress on
erythrocyte membrane [42]. Therefore, H2O2 is often used to induce ox-
idative stress in vitro to assess oxidative damage on erythrocyte.

3.4.1. Protective effects of the polysaccharides against erythrocyte
hemolysis

As shown in Fig. 6A, the protective effects of both the polysaccha-
rides and Trolox against the H2O2-induced erythrocyte hemolysis
were concentration-dependent (P < 0.05). The highest inhibitory rates
of PBP, U-300, U-500, U-700 and Trolox were 60.58% ± 0.52%,
67.73% ± 0.18%, 70.22% ± 0.62%, 76.24% ± 0.71% and 59.82% ± 1.09%,
respectively, at a dose of 4.0 mg/mL. In addition, three ultrasound-
treated polysaccharides exerted higher inhibitory activities than PBP
and Trolox, and the inhibitory rate increased with increasing ultrasonic
power at tested concentrations (1.0–4.0 mg/mL). Those results con-
firmed the degraded (low-molecular-weight) polysaccharides from
blackcurrant fruits possessed high inhibitory effects against H2O2-
induced erythrocyte hemolysis.
Fig. 6. Effects of the polysaccharides on hemolysis inhibition (A), GSH levels (B) and MDA
levels (C) in H2O2-induced erythrocytes (the means with different letter significantly
differ, P < 0.05).
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3.4.2. Effects of the polysaccharides on GSH contents of erythrocytes
GSH is amajor antioxidant that plays an important role in protecting

cells against oxidative stress. Thus, the depletion of GSH is used as an in-
dicator of intracellular oxidation [18,43]. As could been seen from
Fig. 6B, the contents of GSH in all samples increased in a
concentration-dependent manner (0.2–4.0 mg/mL, P < 0.05). In addi-
tion, all the degraded polysaccharides showed higher levels of GSH
than PBP and Trolox in the concentration range of 0.4–4.0 mg/mL. The
increase of GSH content was well correlated with raising ultrasonic
power at all tested concentrations. At the highest tested concentration
of 4.0 mg/mL, GSH contents were 13.12 ± 0.33 for PBP, 13.69 ± 0.33
for U-300, 15.75 ± 0.43 for U-500, 19.29 ± 0.54 for U-700 and
13.33 ± 0.65 mg GSH/L for Trolox, respectively. The results demon-
strated that the degraded polysaccharides with lower Mw displayed
the better effect on preventing intracellular oxidation.

3.4.3. Effects of the polysaccharides on MDA generation
MDA is a vital end product of lipid peroxidation that can damage the

structure and function of the cellmembrane, and seriously influence the
cellularmetabolism [44]. Therefore, the content ofMDA is considered as
an important index to reflect the degree of lipid peroxidation or even
identify damage the cell membrane [18,44]. MDA contents of all sam-
ples are presented in Fig. 6C. It was observed that MDA contents signif-
icantly decreased with increasing tested samples concentrations
(0.2–4.0 mg/mL, P < 0.05). Moreover, the inhibitory effects of the de-
graded polysaccharides on MDA formation were stronger than those
of PBP and Trolox, and the inhibitory effects increased with the incre-
ment of the ultrasonic power. At the highest test concentration
(4.0 mg/mL), MDA contents reached the lowest point, and the reduced
degrees of PBP, U-300, U-500, U-700 and Trolox were 62.55% ± 1.88%,
72.00% ± 3.20%, 76.52% ± 1.70%, 87.26% ± 1.69% and 73.22% ± 2.36%
respectively, compared to the test group without polysaccharides.

Based on the above results, the degraded polysaccharides displayed
better protective effects against H2O2-induced erythrocyte hemolysis
than the untreated polysaccharides and Trolox. Notably, U-700, which
had the lowest molecular weight exerted the strongest antioxidant ac-
tivity among all tested samples, demonstrating molecular weight is be
one of the critical factors for the antioxidant capacity of the polysaccha-
rides [10,13]. Previous studies suggest that ultrasonic degradation ex-
poses more active OH groups located in the inner core of the
polysaccharides, and OH groups can eliminate ROS to reduce oxidative
damage [45]. In addition, a high level of acidic monosaccharide is bene-
ficial for antioxidant activity [10,13,36]. In this study, thedegraded poly-
saccharides possessed higher content of uronic acid than PBP,
contributing to antioxidative effects of these polysaccharides.

4. Conclusion

The ultrasonic degradation of blackcurrant polysaccharides was
found to adhere to second-order kinetics model and midpoint chain
scission model. The principal structure of the degraded polysaccharides
(U-300, U-500 and U-700) was not significantly different from that of
the native polysaccharide. After ultrasonic treatment, three degraded
polysaccharides exhibited excellent rheological properties along with
stronger protective effects against erythrocyte hemolysis compared to
the native polysaccharide. Therefore, ultrasonic radiation is a feasible
technique for preparing the functional polysaccharides with low Mw.
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