
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

la
yi

 2
02

0.
 D

ow
nl

oa
de

d 
on

 3
/1

/2
02

6 
9:

49
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Co-cultured Lep
aQingdao Agricultural University, Qingdao

ysping135@163.com; 18765959070@163.co
bShandong Provincial Laboratory of Ap

University, Qingdao, China

† Electronic supplementary informa
10.1039/d0ra03258a

Cite this: RSC Adv., 2020, 10, 27259

Received 11th April 2020
Accepted 18th May 2020

DOI: 10.1039/d0ra03258a

rsc.li/rsc-advances

This journal is © The Royal Society o
ista sordida and Pholiota nameko
polysaccharide-iron(III) chelates exhibit good
antioxidant activity†

Shuping Yu, ab Jikang Jiang ab and Wenxiang Li*ab

In the present study, the structural characteristics and antioxidant activities of polysaccharide from the co-

cultured Lepista sordida and Pholiota nameko and its polysaccharide-iron(III) chelates were determined.

Two polysaccharide fractions named CP-1 and CP-3 were isolated previously from polysaccharide of the

fermentation liquid of the co-cultured Lepista sordida and Pholiota nameko. And their chemical

structures were measured by FT-IR infrared spectroscopy, TG analysis, X-ray diffraction and 1H NMR

spectroscopy. The results suggested that polysaccharides were chelated with iron(III) by –OH and

–COOH groups, forming a stable structure of b-FeOOH and improving crystallinity. Furthermore, the

antioxidant activities of polysaccharide-iron(III) chelates exhibited stronger hydroxyl radical and

superoxide radical scavenging activity than the polysaccharides. Therefore, the polysaccharide-iron(III)

chelates could be used as a potential iron supplement.
1. Introduction

Metal ions are believed to play important physiological functions
and participate in life activities which include transmitting bio-
electronics, regulating biochemical reactions, and enzyme active
centers for human. Iron is the essential mineral of the core of
hemoglobin and myoglobin, participating in the transportation of
oxygen, maintaining normal levels of cellular oxidative metabo-
lism and also communicating in enzyme reaction to improve
enzyme activity.1,2 It is reported by the World Health Organization
(WHO) that about one half of children aged ve to fourteen and
pregnant women were anemic, which is caused by iron de-
ciency.3,4 Therefore, external iron supplementation is an important
means to treat and prevent iron deciency anemia.5,6

Polysaccharides are an active metabolite of fungi fruiting
bodies, fermentation liquids and mycelia, exhibiting structure–
activity relationship between the chemical structure and bio-
logical activity. And Zhang et al.7 have reported the iron content
of polysaccharide-iron(III) chelates is also related to the struc-
ture and molecular weight of polysaccharides and the reaction
conditions such as mass ratio, pH, time and temperature.8

Studies have shown that polysaccharide-iron(III) chelates of
larger molecular weight polysaccharide contained higher iron
content.9 As a third-generation iron supplement,
, China. E-mail: xiang7332@126.com;
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polysaccharide-iron(III) chelates could be absorbed and utilized
to avoid irritation to the gastrointestinal tract aer being
reduced by reducing substances to divalent iron in the body.
Also it exhibited high bioavailability, stability, solubility and
reducing ability comparing with traditional iron supple-
ment.10–12 It is reported that polysaccharide-iron(III) chelates can
directly or indirectly reduce the excessive production of free
radicals theoretically and thus reduce oxidative stress,
increasing the activity of antioxidant enzymes and the resis-
tance to oxidation.13

At present, most studies involved the use of polysaccharide-
iron chelates such as Fructus mori L. polysaccharide-iron
chelates7 and Flammulina velutipes polysaccharide-iron
chelates,14 and little on the structure and antioxidant activity
of polysaccharide from the co-cultured Lepista sordida and
Pholiota nameko and its polysaccharide-iron(III) chelates were
known. In this study, the changes of structural characteristics
and antioxidant properties of CP-1, CP-3 and their poly-
saccharide-iron(III) chelates were compared and discussed. The
present work aimed to look for a promising candidates for
organic iron supplements with good antioxidant activity.
2. Materials and methods
2.1 Materials and chemicals

Previously, three polysaccharide fractions (CP-1, CP-2 and CP-3)
were obtained by purifying the polysaccharide from the
fermentation liquid co-cultured by Lepista sordida and Pholiota
nameko. Among them, CP-1 and CP-3 exhibited better antioxi-
dant activity than CP-2. Polysaccharides, referred to as CP-1, CP-
3 were prepared of polysaccharide iron chelate.
RSC Adv., 2020, 10, 27259–27265 | 27259
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The 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical was
purchased from Solarbio Technology Co. LTD. CP-1 and CP-3
was prepared from Qingdao Agricultural University. All other
chemical reagents were analytical grade.

2.2 Preparation of polysaccharide-iron(III) chelates

The polysaccharide-iron(III) was chelated following the method of
Jia et al.15 Briey, the solution which CP-1 or CP-3 at 1 : 1 (m/m)
with trisodium citrate dissolved in distilled water was placed in
a water bath (Jinghong DK-S24, Shanghai) at 70 �C for 10 min. 2 M
FeCl3$6H2O was added dropwise to the solution with continuous
stirring until the reddish brown deposit was appeared, adjusting
pH 7.0 to 8.0 with 2.0 M HCl or 2.0 M NaOH at 70 �C for 2 h. The
mixtures were centrifuged at 5000 rpm for 10 min. The superna-
tant was further dialysed, precipitated with anhydrous ethanol and
lyophilized to obtain the polysaccharide-iron(III) chelates named
CP-1-Fe and CP-3-Fe. The iron contents of CP-1-Fe and CP-3-Fe
were determined by phenanthroline colorimetry with ammo-
nium ferrous sulfate standard solution.

2.3 FT-IR spectrum analysis

The structure of CP-1, CP-3, CP-1-Fe and CP-3-Fe was deter-
mined by FT-IR (Nicolet iS10, USA). The infrared spectrum was
saved with a coaddition of 32 scans at wavelength ranged from
4000–400 cm�1.

2.4 TG analysis

The TG analysis of CP-1, CP-3, CP-1-Fe and CP-3-Fe (4.00–5.00
mg) were carried out in 20–800 �C with a heating rate of
10 �C min�1 using a thermogravimetric analyzer (METTLER
TOLEDO, USA). And the TG and DTG curve were recorded.

2.5 XRD analysis

The crystallinity of CP-1, CP-3, CP-1-Fe and CP-3-Fe was per-
formed by using an X-ray diffractometer (Bruker D8ADVANCE,
Swit.), and the XRD pattern was recorded with a scanning speed
of 5� min�1 from 5� to 50�.

2.6 1H NMR analysis

The 1H NMR spectra of CP-1, CP-3, CP-1-Fe and CP-3-Fe (20.00mg)
were recorded by a Bruker Advance III 500 MHz instrument
(Bruker AVIII500, Swit.). CP-1, CP-3, CP-1-Fe and CP-3-Fe (20 mg)
were dissolved in D2O, freeze-dried three times and then placed in
a NMR tube at 400 MHz at room temperature.

2.7 Antioxidant activity analysis

2.7.1 Hydroxyl radical ($OH) scavenging assay. The scav-
enging ability on hydroxyl radical was determined according to
Gao et al.16 The reaction mixture containing 1.0 mL of sample or
ascorbic acid at different concentrations (0–4.0 mg mL�1),
0.1 mL iron vitriol (9 mM), 0.1 mL salicylic acid ethanolic
solution (9 mM) and 0.1 mL H2O2 (0.03%, v/v) was incubated at
37 �C for 1 h. Then the absorbance was determined at 510 nm.
The hydroxyl radical scavenging capability was calculated as
follows:
27260 | RSC Adv., 2020, 10, 27259–27265
Hydroxyl radical scavenging rateð%Þ ¼
�
1� A1 � A2

A0

�
� 100

where A0 is the absorbance of water, iron vitriol, salicylic acid
ethanolic solution and H2O2, A1 is the absorbance of the
sample, iron vitriol, salicylic acid ethanolic solution and H2O2,
A2 is the absorbance of the sample, iron vitriol, salicylic acid
ethanolic solution and distilled water instead of H2O2,
respectively.

2.7.2 Superoxide radical scavenging assay. The scavenging
ability on superoxide radical was determined following the
method of Chen and Huang17 with slight modications. Briey,
4.5 mL of Tris–HCl buffer (pH 8.2, 50 mM) was incubated at
25 �C for 20 min. Then 1 mL of sample or ascorbic acid at
various concentrations (0–4.0 mg mL�1) and pyrogallol (0.4 mL,
25 mM) were mixed. The mixtures were reacted at 25 �C for
5 min. The absorbance was measured at 325 nm by adding HCl
(1 mL, 0.2 M) to terminate the reaction. The superoxide DPPH
radical scavenging capability was calculated as follows:

Superoxide radical scavenging rateð%Þ ¼
�
1� A1 � A2

A0

�
� 100

where A0 is the absorbance of distilled water, Tris–HCl and
pyrogallol, A1 is the absorbance of Tris–HCl, the sample and
pyrogallol, A2 is the absorbance of Tris–HCl, the sample and
distilled water instead of pyrogallol, respectively.

2.7.3 DPPH radical scavenging assay. The scavenging
ability on DPPH radical was determined using a previously re-
ported method.18 Briey, 2 mL sample or ascorbic acid at
different concentrations (0–2.0 mg mL�1) was mixed with
DPPH–ethanol solution (2 mL, 0.1 mM). The mixture was
incubated at room temperature in dark for 30 min and absor-
bance was measured at 517 nm. The sample was displaced by
VC as the positive control. The DPPH radical scavenging capa-
bility was calculated as follows:

DPPH radical scavenging rateð%Þ ¼
�
1� A1 � A2

A0

�
� 100

where A0 is the absorbance of water and DPPH solution, A1 is the
absorbance of the sample and DPPH solution, A2 is the absor-
bance of the sample and ethanolic, respectively.

2.7.4 Determination of reducing power. Reducing power of
sample was carried out according to Zhang et al.19 1.5 mL of
sample or ascorbic acid at varying concentrations (0–4.0 mg
mL�1) were mixed with 1.5 mL of phosphate buffer (0.2 M, pH
6.6) and 1.5 mL of potassium ferricyanide (1%, w/v). The reac-
tion mixture was stood at 50 �C for 20 min and cooled down.
Subsequently, 1.5 mL triuoroacetic acid (10%, w/v) was added
to terminate reaction and then mixed with 1.2 mL of ferric
chloride (0.1%, w/v). The absorbance at 700 nm was measured.
VC was used as the positive control.
2.8 Statistical analysis

The data were shown as mean value� standard deviations (n$ 3)
and differences between experimental groups were performed by
one-way analysis of variance (SPSS 16.0). A value of p < 0.05 was
considered to be statistically signicant.
This journal is © The Royal Society of Chemistry 2020
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3. Results
3.1 Iron(III) chelating capacity

The iron chelating ability of polysaccharide depend on functional
groups of polysaccharides and the reaction conditions, such as
pH.7,8 As shown in Fig. 1, the iron contents of CP-1-Fe and CP-3-Fe
were 2.63 � 0.03% and 2.49 � 0.15%, respectively (p > 0.05).
Fig. 2 FT-IR spectrum of CP-1 (a), CP-1-Fe (a), CP-3 (b) and CP-3-Fe
(b).
3.2 FT-IR spectroscopy

The FT-IR spectrum identify the changes of characteristic
functional groups and chemical structures aer poly-
saccharides were transformed to polysaccharide-iron(III)
chelates. The FT-IR spectrum of CP-1, CP-3 and their poly-
saccharide-iron(III) chelates ranging from 400 to 4000 cm�1 were
shown in Fig. 2. The range of 3200 to 3600 cm�1, 2800 to
3000 cm�1 and 1400 to 1200 cm�1 were the characteristic
absorption peaks of polysaccharide.20 The typical absorption
band at 3300 cm�1 is related to O–H stretching vibration. And
the characteristic absorption bands at 2900 and 1400 cm�1 were
due to the stretching vibration and variable-angle vibration of
C–H. Furthermore, the absorption peak around 1600 cm�1 was
attribute to the stretching vibration of symmetric and asym-
metric C]O bonds.20,21 As we can see from Fig. 2, the absorp-
tion band at 3300 cm�1 changed slightly aer chelation mainly
due to the participation of hydroxyl groups during the chelation
process.22 Aer chelation modication, the absorption peak at
around 1600 cm�1 shied to a low wave number and the peak
intensity increased, indicating C]O of the polysaccharide may
involved in the chelation reaction and the peak intensity
increased.23 400 to 1000 cm�1 were characteristic peaks of iron
core structure “b-FeOOH” of polysaccharide-iron(III) chelates.24

In our study, the weak absorption peak of CP-1-Fe and CP-3-Fe
at 450 and 850 cm�1 were observed, respectively. The absorp-
tion peak at around 1060 cm�1 in polysaccharide and poly-
saccharide-iron(III) was indicated the existence of a pyran-ring
structure.25 As shown in Fig. 2(a), the peak at 879.5 cm�1 was
speculated that the CP-1 was connected by b-glycosidic bonds.26
3.3 TG analysis

The change of weight of polysaccharides and polysaccharide-
iron(III) chelates with temperature was determined by TG and
Fig. 1 Iron contents of CP-1-Fe and CP-3-Fe.

This journal is © The Royal Society of Chemistry 2020
DTG. The thermal stabilities of CP-1, CP-1-Fe, CP-3 and CP-3-Fe
were investigated by TG from 20 �C to 800 �C were shown in
Fig. 3. The thermal decomposition are divided into three stages
and the materials with small molecular weight are decomposed
rst. It can be seen from Fig. 3(a) and (b), the weight loss of CP-1
was 3.84% from 20 �C to 130 �C, due to evaporation of the free
water. CP-1 decomposed drastically with the average rate of
weight loss of 0.21%min�1 from 130 �C to 588 �C and the rate of
mass loss reached 1.02% min�1 at 304.8 �C. It has indicated
that the chemical bond of CP-1 was destruction and the poly-
saccharide chelate has been decomposed.27 The rates of weight
loss of CP-1 gradually showed stable tendency aer the
temperatures reached to 588 �C. Comparable to that of CP-1, the
weight loss of CP-1-Fe was 3.45% from 20 �C to 138 �C, due to
evaporation of the free water. In the second stage, the average
rate of weight loss of 0.051% min�1 from 138 �C to 690 �C and
the rate of mass loss of reached 0.29% min�1 at 304.8 �C. The
wide interval between the two peaks and the residual mass
indicates that CP-1-Fe had stronger thermal stability and more
stable structure which could be consistent with previous
study.15,16 As shown in Fig. 3(c) and (d), the mass loss of CP-3
was 3.73% caused by water from 20 �C to 130 �C. The average
rate of weight loss was 0.18% min�1 from 130 �C to 620 �C. At
315.6 �C, the rate of mass loss was 0.63%/min. The weight loss
Fig. 3 TG and DTG curves of CP-1 (a), CP-1-Fe (b), CP-3 (c) and CP-3-
Fe (d).

RSC Adv., 2020, 10, 27259–27265 | 27261
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of CP-3-Fe was 5.63% from 20 �C to 151 �C, due to evaporation
of the free water. In the second stage, the average rate of weight
loss of CP-3-Fe was 0.026% min�1 from 151 �C to 644 �C. At
257.4 �C, the rate of mass loss was 0.17% min�1. The results
showed the CP-3-Fe possessed higher stability from 20 �C to
275 �C compared with CP-3.
Fig. 5 1H NMR spectra of polysaccharides and polysaccharide-iron(III)
chelates.
3.4 XRD analysis

XRD is an method through crystalline substance which has
specic chemical composition and structural parameters,
including lattice type, unit cell size, number of particles in the
unit cell and coordinates to genera specic diffraction pattern,
correspond to a series of specic interplanar distances and
relative intensity values. As shown in Fig. 4, the XRD curve were
similar, implying that chelation was not change the basic
skeleton of the polysaccharide structure. The peak shape
changed at around 25� owing to the introduction of iron(III)
weakened the interaction of hydrogen bonds, increased the
stereochemical steric hindrance and reduced the group
concentration.28 Some new peaks appeared for CP-1-Fe at 14.82�

and 38.16� and for CP-3-Fe at 14.82� and 36.78� aer chelation,
which indicated that structure changes induced with iron
chelating of CP-1 and CP-3 to have certain degrees of crystal-
linity. And it had been reported that the peaks about 15� and 35�

were the characteristic peaks of iron appear.17 The results
further conrmed that the chelation of CP-1and CP-3 with iron.
3.5 1H NMR analysis

The 1H NMR spectra to analyze the structural feature of CP-1,
CP-3 and their iron chelates CP-1-Fe, CP-3-Fe were shown in
Fig. 5. A peak at around dH 4.70 for all four substances was the
characteristic peak of solvent deuterated water. According to the
principle of chemical shis, the main distribution of the
anomeric proton signals at dH 4.0–5.6 ppm can distinguish the
type of polysaccharide glycosides. The end-substrate signal
mostly at dH 5.0–5.6 ppm of 1H NMR spectrum indicated that
the type of polysaccharide glycosides were mainly a-glycoside
while the anomeric protons signals mostly at dH 4.0–5.0 ppm
arised of b-glycoside.29 CP-1 signal mainly distributed at dH 4.0–
5.0 ppm with signicant peaks at dH 4.23 ppm and dH 4.59 ppm,
consistent with CP-3 at dH 4.12 ppm. The results presumed that
CP-1 and CP-3 all contained b-glycosides. The signals at dH

3.80 ppm and dH 3.74 ppm should be assigned to the –O–CH3.
Fig. 4 XRD of CP-1 (a), CP-1-Fe (a), CP-3 (b) and CP-3-Fe (b).

27262 | RSC Adv., 2020, 10, 27259–27265
The signals at dH 2.02 ppm and dH 2.03 ppm were attribute to
acetyl groups.

3.6 Antioxidant activity analysis

Hydroxyl radicals regulate the homeostasis in living organisms
owing to its strong oxidizing ability. Excess hydroxyl radicals
were generated during metabolism, causing biological macro-
molecules such as cell membranes, proteins and enzymes
oxidized and resulting in cell oxidation, aging, and apoptosis.30

As shown in Fig. 6(a), with VC as the positive control, the
scavenging activity on hydroxyl radical of CP fractions and CP-
iron(III) chelates were in a concentration-dependent manner at
concentrations ranging from 0 to 4 mg mL�1. The IC50 values of
CP-1-Fe and CP-3-Fe were 0.785 � 0.030 and 0.740 � 0.043 mg
mL�1, respectively, which were lower than those of CP-1 (IC50,
4.472 � 0.745 mg mL�1) and CP-3 (IC50, 4.333 � 0.298 mg
mL�1). In the range of 0 to 4 mg mL�1, the scavenging activity
on hydroxyl radical of CP-1-Fe was signicantly better than that
of CP-1 (p < 0.05). In the range of 3.2 to 4 mg mL�1, the scav-
enging rate of CP-1-Fe was close to VC. When the concentration
at 3.2 mg mL�1, the hydroxyl radical scavenging activities was
99.24%, and 130.04% higher than the same concentration of
Fig. 6 Scavenging abilities on hydroxyl radical (a), superoxide radical
(b), DPPH radical (c) and reducing power (d) of polysaccharides and
polysaccharides-iron(III) chelates.

This journal is © The Royal Society of Chemistry 2020
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CP-1 (p < 0.05). CP-3-Fe exhibited a signicantly better scav-
enging rate for hydroxyl radicals than CP-3 in the ranged from
0 to 4 mgmL�1 (p < 0.05). When the concentration reached 4mg
mL�1, the scavenging rate of CP-3-Fe can reach 97.86 � 0.65%,
367.42% higher compared with the same concentration CP-3
(p < 0.05).

The superoxide radicals triggered oxidation by generating
more active hydroxyl ions or singlet oxygen closely related to
aging and pathology, which provided with good antioxidant
activity.7 The scavenging ability on superoxide radical of CP
fractions and CP-iron(III) compared with VC as the positive
control were shown in Fig. 6(b). The results indicated that CP-1-
Fe and CP-3-Fe had scavenging abilities in concentration-
dependent manners in the range of 0 to 4 mg mL�1. The scav-
enging ability of CP-1 and CP-3 were rst strengthened and then
basically stable. The IC50 of CP-1-Fe and CP-3-Fe were 0.869 �
0.016 mg mL�1 and 0.821 � 0.052 mg mL�1, respectively, which
were lower than those of CP-1 and CP-3. When the concentra-
tion reached 2.4 mg mL�1, the scavenging rates of CP-1-Fe and
CP-3-Fe can reach 96.41% and 92.83 � 2.78%, were 108.45%
and 159.37% higher than that of the same concentration CP-1
and CP-3, respectively (p < 0.05). The results showed that the
scavenging ability of superoxide radicals were signicantly
enhanced by inducing with iron.

DPPH radical scavenging assay generally was be used to
evaluate the antioxidant activity, which can produce stable
nitrogen-centered radicals react with antioxidants.31 The scav-
enging abilities of CP fractions and CP-iron(III) chelates on
DPPH radicals compared with VC as the positive control were
shown in Fig. 6(c). It can be seen from Fig. 6(c) that in the range
of 0 to 2 mg mL�1, the scavenging activity on DPPH free radical
of CP fractions and CP-iron(III) chelates were concentration-
dependent. When the concentration reached 0.4 mg mL�1,
the scavenging rates of VC reached 93.22 � 0.47%. The IC50

values of CP-1-Fe and CP-3-Fe were 2.487 � 0.533 and 5.952 �
0.561 mg mL�1, respectively; these were signicantly higher
than those of CP-1 and CP-3, which were 0.457 � 0.045 and
0.540 � 0.025 mg mL�1. When the concentration reached 2 mg
mL�1, the scavenging rates of CP-1-Fe and CP-3-Fe were lower
51.47% and 72.15% than that of the same concentration CP-1
and CP-3, respectively (p < 0.05). The results indicated chela-
tion with iron decreased the scavenging activity on DPPH
radical.

The substance with strong reducing power can donate more
electrons, which causing the scavenging radicals. Therefore,
reducing power is the method to evaluate the antioxidant
activity.14 The reducing power of CP fractions and CP-iron(III)
chelates were shown in Fig. 6(d). It can be seen from Fig. 6(d)
the solubility dependence at a given concentration. Comparing
with VC as positive control, the reducing power of all four
complexes were low. The total reducing power of CP-1, CP-1-Fe,
CP-3, CP-3-Fe were relatively close ranging from 0 to 3.2 mg
mL�1. When the concentration exceeded 3.2 mg mL�1, the total
reducing power of CP-1 and CP-3 were higher than that of CP-1-
Fe and CP-3-Fe, respectively. When the concentration reached
4 mg mL�1, the reducing power of the chelated polysaccharides
This journal is © The Royal Society of Chemistry 2020
CP-1-Fe was 43.15% lower than those of CP-1, and CP-3-Fe was
29.33% lower than those of CP-3, respectively.

4. Discussion

Polysaccharide-iron chelates were used as an iron supplement,
playing a role in anti-oxidation, regulating immunity, anti-virus
and other physiological activities aer being absorbed by the
body.32–34 Gao et al.35 have reported that the sulfated poly-
saccharide isolated from marine green algae Ulva pertusa and
its iron(III) complex exhibited hematopoietic capacity due to the
supplement of iron and enhancing the immunity of body. Shi
et al.22 have proved that the anti-radiation and anti-oxidative
activity of Ulva pertusa polysaccharides-iron(III) complex.
Therefore, it is necessary to modify polysaccharides by iron
chelation.

Cells produce a series of reactive oxygen species during
metabolism and growth, such as hydroxyl radical, superoxide
radical and hydrogen peroxide, which destroy proteins and
nucleic acids in the body, leading to disease. Chen and Huang36

have studied the antioxidant effects of garlic polysaccharide (PS)
and polysaccharide-Fe(III) complex (FePS) by co-heating method
and found that the scavenging ability on hydroxyl radical and
superoxide radical of FePS was higher than PS, showing synergy
effect. Dong et al.14 have investigate the iron chelation of
Flammulina velutipes polysaccharide (FVP) and its puried
component (FVP2) on quenching superoxide radical improved.
These consisted with the ndings of this study. In this study,
the antioxidant analysis found that CP-1-Fe and CP-3-Fe had
signicantly higher scavenging capacity on hydroxyl radicals
and superoxide radical than CP-1 and CP-3, indicating the
antioxidant activities improved aer chelation.

The reaction mechanism of DPPH free radicals to evaluate
the antioxidant capacity can be divided into reactions based on
H-atom transfer (HAT) and reactions based on electron transfer
(ET).37 When the radical scavenger occur, the scavenger can
directly supply hydrogen atoms to the DPPH radical, forming
a non-radical form of the DPPH-H (HAT reaction); or trans-
ferring electrons from the scavenger to the DPPH radical (ET
reaction). When DPPH captures an electron paired with a free
electron, the dark purple DPPH radical is reduced to a yellow
non-radical form of DPPH-H and the degree of discoloration is
directly proportional to the number of electrons accepted.38

Dong et al.14 also have studied DPPH radical scavenging activi-
ties of Flammulina velutipes polysaccharides (FVP) and poly-
saccharides fraction (FVP2) and their polysaccharide-iron
chelates, and resulted shown that while DPPH radical scav-
enging activities of FVP, FVP2, FVP-Fe, FVP2-Fe were 44.32%,
43.78%, 20.00%, 25.14%, respectively. FVP-Fe and FVP2-Fe had
lower DPPH free radical scavenging effects than FVP and FVP2.
The study also found that CP-1-Fe and CP-3-Fe had lower scav-
enging ability on DPPH free radicals than CP-1 and CP-3. A
stable “b-FeOOH” iron core structure was formed in chelating,
which weakened the hydrogen supply ability and pair with
DPPH free radicals, and reduced the degree of discoloration,
leading to an increase in the absorbance at 517 nm to lower the
scavenging ability on DPPH radical.
RSC Adv., 2020, 10, 27259–27265 | 27263
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In this study, compared with the CP-1 and CP-3, the signals
for CP-1-Fe and CP-3-Fe were disappeared except for the water
peak at dH 4.72 ppm, which was in accordance with the study
reported by Domracheva et al.39 This may be due to metallic iron
with paramagnetism, which interfere with the magnetic envi-
ronment around the ligand. The presence of this region of the
polysaccharide ligand caused the proton signal to be amplied
and the relaxation time becomes longer to broaden the spectral
peak, forming an apparently invisible iron core blind zone
causing the peaks in this area to disappear.40

5. Conclusions

In this study, the polysaccharides, CP-1 and CP-3, were chelated
with iron(III) by –OH and C]O groups to form a stable structure
of b-FeOOH and improve crystallinity. The antioxidant activities
assay showed that polysaccharide-iron(III) chelates, CP-1-Fe and
CP-3-Fe exhibited antioxidant activities. Particularly, CP-1-Fe
and CP-3-Fe showed stronger hydroxide radical and super-
oxide radical scavenging ability than CP-1, CP-3. The CP-1-Fe
and CP-3-Fe has potential to be used as an iron supplement
for the treatment of iron deciency anemia (IDA).
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