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Abstract

Anaemia, caused by iron deficiency, is a common disease in some parts of the world. A traditional medicine for treating
anaemia resulting from iron deficiency is inorganic iron, which is represented by ferrous sulfate. However, serious irritation
to the gastrointestinal tract is one of the side effects caused by inorganic iron. We extracted the tea polysaccharide (TPS) from
Qingzhuan Dark Tea and employed a green technology to prepare a polysaccharide-iron [TPS-Fe(III)] complex. We further
characterised the structure through thermogravimetric analysis, molecular weight analysis, atomic absorption spectroscopy,
Fourier-transform infrared spectroscopy, ultraviolet spectroscopy (UV), 'H nuclear magnetic resonance spectroscopy, scanning
electron microscopy, X-ray diffraction analysis, X-ray photoelectron spectroscopy, and atomic mechanics microscopy. We
performed a comparative evaluation of the antioxidant properties of the TPS-Fe(III) complex and TPS. The results indicated
that the antioxidant activity of the TPS-Fe(III) complex is superior to that of TPS. The scavenging activity was determined
using 2,2-diphenyl-1-picrylhydrazyl, hydroxyl, superoxide anion, and 2,2’-azobis-(3-ethylbenzothiazoline-6-sulfonic acid)
radical scavenging activity assays and malondialdehyde inhibition assay. The structure of the TPS-Fe(III) complex formed by
the complexation of the tea polysaccharide with iron ions was highly stable, which significantly improved its antioxidant activity
in vitro. Thus, the TPS-Fe (III) complex can provide additional health benefits compared with other typical non-antioxidant

iron nutritional supplements.
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Practical Application: Develop Qingzhuan Dark Tea for pharmaceutical industry.

1 Introduction

Qingzhuan Dark Tea belongs to one of the six categories
of tea and is produced primarily in Chibi city, Hubei Province,
China. It is a life necessity for ethnic minorities in Northwest
China under resource-limited conditions. Qingzhuan Dark
Tea contains many active substances and has a wide range of
biological activities (Feng et al., 2020). Qingzhuan Dark Tea
activates fluid production and quenches thirst. Additionally,
the tea is refreshing, aids in digestion and sterilisation, and
treats diarrhoea. The tea can also help control hypertension,
hyperlipidemia, and hyperglycemia.

The tea resources are abundant in China (Gao et al., 2021;
Yao etal., 2021). Tea polysaccharide (TPS) serves as an antioxidant,
anticoagulant, and antitumour agent; it lowers blood fat, blood
pressure, and blood sugar and enhances immunity, thereby
exhibiting a broad range of biological activities (Liu et al., 2016)
. TPS appears mainly as a yellowish powder with good water
solubility and is insoluble in high concentrations of ethanol,
acetone diethyl ether, and other organic reagents. TPS is a natural
macromolecular active substance that is present in a large amount
in tea and has many biological activities. It was reported to
exhibit a significant antioxidant capacity and effective scavenging

activity against free radicals (Yang et al., 2017). Therefore, we
believe that the polysaccharides and complexes of Qingzhuan
Dark Tea exhibit a superior antioxidant capacity. In recent years,
plenty of studies have been conducted on the application of TPS
in the food industry, medical treatment, health care products,
and skincare products to ensure appropriate use of the resources
of all aspects of tea and promote its economic distribution.
Qingzhuan Dark Tea consumption can also improve people’s
standard of living and advocate a healthy lifestyle.

Ironis a crucial trace element in the human body and plays
an extremely vital role in body metabolism. It can affect the
immune function of the body to some extent. It is an indispensable
substance that maintains various normal physiological processes
and plays a key role in the human body (Abualhasan et al.,
2021). Iron is present in human tissues and organs mainly in
two forms, namely functional iron and stored iron. The majority
of the iron is stored in the body as functional iron, which binds
to proteins in the blood and muscles and is involved in oxygen
transport in the body.

TPS-Fe(III) complex is superior to inorganic iron supplements
such as ferrous sulfate because of its minimal side effects on
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the gastrointestinal digestive system, good stability, and high
bioavailability (Raja et al., 2000) .TPS-Fe(III) complex is a brown
powder, which is insoluble in methanol, ethanol, ether, and other
organic solvents but soluble in water. It does not release free
iron in the aqueous solution and exhibits no sedimentation and
hydrolysis but high stability. Polysaccharides, as ligands, form
surface complexes on the nuclear surface, which belong to polymer
compounds. TPS-Fe(III) is a complex of polysaccharides and
iron, and it does not contain free Fe** and Fe*. It is easy to be
assimilated and absorbed by the body. It has strong reducibility
and can be reduced to bivalent iron for absorption. TPS-Fe(III)
can promote the body’s haematopoietic function, rapidly improve
the level of haemoglobin, and effectively treat and prevent
anaemia caused by iron deficiency (Tveden-Nyborgetal., 2021).

Thus, considering TPS-Fe(III) as a type of iron supplement
worthy of further research and development, the present study
aims to perform the structural characterisation and investigate
the antioxidant activity of TPS-Fe(III). In this study, the structural
characterisation and physical properties of TPS-Fe(III) were
analysed by thermogravimetric analysis (TGA), molecular weight
analysis, atomic absorption spectroscopy (AAS), Fourier-transform
infrared spectroscopy (FTIR), ultraviolet (UV) spectroscopy, 'H
nuclear magnetic resonance (1H NMR) spectroscopy, scanning
electron microscopy (SEM), X-ray diffraction (XRD) analysis,
X-ray photoelectron spectroscopy (XPS), and atomic mechanics
microscopy (AFM). Additionally, a series of in vitro experiments
was conducted to determine the antioxidant activity of the
TPS-Fe(III) complex.

2 Materials and methods

2.1 Experimental materials

The Qingzhuan Dark Tea was obtained from Chibi city, Hubei
Province, China. Iron citrate (AR), 2,2-diphenyl-1-picrylhydrazyl,
hydroxyl (DPPH), and 2,2’-azobis-3-ethylbenzothiazoline-6-
sulfonic acid (ABTS) were procured from McLean (China).
All reactants were used, unless otherwise specified, in this study.
Deionised water was used for all experiments.

2.2 Preparation of TPS

The tea powder was extracted using water for 4 h after
degreasing and removing the small molecules. The supernatant
was lyophilised to obtain crude polysaccharides. First, 50 g of
polyamide was soaked in 95% ethanol, 5% NaOH, and 10%
hydrochloric acid for 4-5 h,respectively. Then, the polyamide
resin was loaded into the column. The polyamide column was
balanced after natural settlement, and TPS was dissolved in water.
Further, the TPS was subjected to elution, decolorisation, and
deproteinisation to obtain the eluent. The refined polysaccharides
were freeze-dried after 48 h of dialysis. The content of sugar
in refined polysaccharides was determined using the phenol-
concentrated sulfuric acid method at 490 nm.

2.3 Preparation of the TPS-Fe(1II) complex

Briefly, 0.1 g of TPS was weighed and placed in a 50-mL
conical flask containing a constant volume of deionised water.

TPS was placed in a water bath at 60 °C and shaken continuously
until it was completely dissolved. TPS was mixed with an equal
volume of 0.05% iron citrate solution in a magnetic agitator at
60 °C for 2 h and then cooled to room temperature. Then, four
times the 80% ethyl alcohol volume was added to the mixture
and incubated overnight. The TPS-Fe(III) complex of Qingzhuan
Dark Tea was obtained after 48 h of dialysis and freeze-drying.

2.4 Physical and chemical properties of the TPS-Fe(III)
complex and iron ion identification reaction

To determine the solubility of Qingzhuan Dark Tea TPS-
Fe(III) in different solutions, 10 g of the Qingzhuan Dark Tea
polysaccharides and TPS-Fe( III) complex were weighed first.
Then, 5 mL of deionised water and 5 mL of 1 mol/L hydrochloric
acid were added to obtain a corresponding water solution of 1 mg/
mL and a hydrochloric acid solution of 1 mg/mL. Further, 10%
potassium ferrocyanide and potassium thiocyanate solution were
added to the prepared aqueous solution and hydrochloric acid
solution. Then, the changes in each solution after the addition
of the reagent were observed and recorded.

2.5 Structure characterisation of TPS and TPS-Fe(111)

The thermogravimetry analysis (TGA) was performed
using the NETZSCH thermogravimetric analyzer (TG 209F3,
Germany) under N, atmosphere with a heating rate of 10 °C/
min and at an ambient temperature of 600 °C.

The relative molecular weight and homogeneity of TPS and
TPS-Fe( III) were determined through high-performance gel
filtration chromatography (HPGPC). Two milligram each of
TPS and TPS-Fe(III) complex were weighed and dissolved in
400 pL and 0.1 mol/L sodium nitrate solution, respectively, to
determine the homogeneity and molecular weight distribution
of TPS and TPS-Fe(III) complex. The mobile phase used was
0.1 mol/L sodium nitrate solution, with a 0.9 mL/min flow rate
and a column temperature of 45 °C.

An atomic absorption spectrometer (CONTRA A-700) was
used to conduct a single element quantitative analysis (flame
method) for the qualitative and quantitative analyses of iron in
the TPS-Fe(III) complex.

FTIR and 1H NMR analyses of both TPS and TPS-Fe(III)
complex were used to detect the structural changes caused by
iron complexation. The organic functional groups in TPS and
TPS-Fe(III) complex were categorised by infrared spectroscopy.
Specifically, the samples were ground with potassium bromide
powder and pressed into 1-mm flakes. The FTIR measurements
were then conducted using a Nicolet 6700 Fourier-transform
infrared spectrophotometer in the frequency range of 4000-
400 cm (Iwansyah et al., 2021). The samples acquired in D,O
with chemical shifts are expressed as § PPM. The 'H NMR
spectroscopic analysis involved 8 scans at 25 °C using a Bruker
400 MHz NMR at room temperature. The spectra were processed
using Mestre Nova 6.1.1.

TPS and the TPS-Fe(III) complex were prepared into 0.5 mg/
mL solution and added into a quartz colorimetric dish. Further,
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the UV spectrum was scanned with a spectrophotometer in the
200-400 nm range.

The surface morphology and structure of TPS and the
TPS-Fe(III) complex were examined and observed using a field
emission scanning electron microscope (Zeiss Ultra Plus) with
5 kV acceleration voltage. Simultaneously, the surface element
composition between TPS and the TPS-Fe(III) complex was
compared by EDS. TPS and TPS-Fe(III) crystal structures were
categorised using an Empyrean X-ray diffractometer (Panaco,
The Netherlands).

An X-ray photoelectron spectrometer (Escalab 250XI, USA)
was used to determine the iron valence states in the TPS-Fe(III)
complex and the binding energy before and after the reaction.

The morphology of TPS and TPS-Fe(III) complexes was
studied using the atomic force microscope (AFM) Nanoscope
IV (Veeco, USA). TPS and TPS-Fe(III) solutions (10 pg/mL)
were precipitated on the newly cut surface and allowed to dry
in air for approximately 10 min. Two-micrometre images were
processed and examined using Gwyddion-SPM data analysis
software.

2.6 Antioxidant test

The research method was used for analysis, with slight
modifications (Akram et al., 2017; Liu & Li, 2021) . Six test
tubes were taken, and 1 mL of different concentrations of TPS
and TPS-Fe(III) (0.0, 0.2, 0.4, 0.6, 0.8, 1.0 mg/mL) were added
to each tube. Further, 0.2 mmol/L of DPPH-methanol solution
(1 mL) was added to each test tube, and the mixture was mixed
thoroughly. The mixture was incubated at 30 °C in the dark
for 30 min to avoid the light reaction, and the absorbance was
measured at 518 nm.

DPPH free radical scavenging rate (%) = I:l _(Al - Az)/ AO} x 100% (1)

Here (Equation 1), A, is the absorbance of the sample solution
with DPPH, A is the absorbance without sample solution, and
A, is the absorbance without DPPH solution. The clearance rate
was calculated separately. Six parallel measurements were made,
and the average values were considered.

The hydroxyl radical scavenging activity was determined
through spectrophotometry. The method was used with slight
modifications (Yang et al., 2020). To the six test tubes, 1.5 mL
of 7.5 mol/L ferrous sulfate solution and 3 mL of 8 mmol/L
salicylic acid-ethanol solution were added. Further, 1.5 mL of
TPS and TPS-Fe(III) solutions with different concentrations
(0.0,0.2, 0.4, 0.6, 0.8, 1.0 mg/mL) were added. Finally, 3 mL of
7.5 mmol/L hydrogen peroxide solution was added, which was
fully mixed and incubated for 45 min at 37 °C. The absorbance
was determined at 510 nm (A,). According to aforementioned
operation, the solution without sample was taken as A , and the
clearance rate was calculated (Equation 2).

Hydroxyl radical scavenging rate (%) =(A0 _Al)/AO x 100% 2)

The research method was used with a minor modification
(Guo etal., 2014). Six test tubes were taken, and 1 mL of different
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concentrations of TPS and TPS-Fe(III) (0.0, 0.2,0.4,0.6,0.8,1.0
mg/mL) were added to each of them. Further, 5 mL of 0.05 mol/L
Tris-HCI buffer with a pH value of 8.2 was added to each tube
and then thoroughly mixed. The reaction was left standing for
10 min in a water bath at 25 °C. Then, 0.4 mL of 30 mmol/L
catechol solution was added under the same conditions for
4 min, and the reaction was terminated with 8 mol/L HCI. The
absorbance value was determined at 320 nm.

Superoxide anion radical scavenging rate (%) = (AO - A])/ Ay x 100% (3)

where A is the absorbance of the sample solution at 320 nm,
A, is the absorbance without sample solution (Equation 3). The
clearance rate was calculated separately. Six parallel measurements
were made, and the average values were considered.

The ABTS radical scavenging activity of the TPS-Fe(III)
complex was determined using the method described (Wang et al,,
2021; Byun etal,, 2021; Hu et al., 2021), with minor modifications.
ABTS (0.3841 g) and potassium persulfate (0.0662 g) were
accurately weighed and then dissolved in 20 mL deionised
water. The reaction mixture was placed in a dark room at room
temperature for 12-16 h before use. The resulting solution was
diluted with phosphate-buffered saline (PBS) of pH 7.4 to a
suitable concentration for use. Deionised water was used to
prepare TPS and TPS-Fe(III) complex solutions with concentration
gradients 0f 0, 0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL. Then, 0.2 mL of
the above gradient solutions was taken and mixed with 0.8 mL
ABTS. The mixture was shaken well and placed in the dark at
room temperature for 6 min.

ABTS free radical scavenging rate (%) = |:(A0 —Al)/A0:| x100%  (4)

where A is the absorbance of the sample solution at 734 nm,
and A is the absorbance of the blank control (Equation 4). The
clearance rate was calculated separately. Six parallel measurements
were taken, and the average values were considered

The method (Zhang et al., 2021; Li et al., 2020) with slight
modifications was used for the lipid peroxidation inhibition test
of the TPS-Fe(III) complex. The rat liver was dissected at 4 °C,
cleaned quickly, homogenised in 10 times the volume (v/w)
of PBS, and diluted 25 times. TPS and TPS-Fe(III) complex
solutions with concentration gradients of 0.0, 0.2, 0.4, 0.6, 0.8,
and 1.0 mg/mL were prepared. Subsequenntly, 0.2 mL of the
aforementioned gradient solutions were added to 0.1 mL of
6 mM ferrous sulfate, 0.05 mL of 3% hydrogen peroxide, and
1 mL of liver homogenate. The solution was then taken out, to
which 1 mL of 10% TCA and 1 mL of 0.67% thiobarbituric acid
(TBA) were added. Then, the solution was mixed and boiled
for 15 min and immediately placed into the ice-water mixture
for cooling. The supernatant was centrifuged at 4000 rpm for
20 min, and the absorbance was measured at 532 nm. The sample
was replaced with deionised water and used as blank control.

Liver lipid peroxidation inhibition rate (%) :[(AO - Al)/Ao] x 100%  (5)
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where A is the absorbance of the sample solution at 532 nm, and
A, is the absorbance of the blank control. The clearance rate was
calculated separately (Equation 5). Six parallel measurements
were taken, and the average values were considered.

2.7 Statistical analysis

All results are expressed as mean + standard deviation of
six measured values. Statistical analysis was conducted using
Origin 2019 software (Origin Lab Corporation, Northampton,
MA, USA). One-way analysis of variance was performed using
SPSS (version 18.0, IBM, Armonk, New York, USA). A P value
of < 0.05 was considered statistically significant.

3 Results and discussion

3.1 Physicochemical properties of the TPS-Fe(III) complex
and iron ion identification reaction

General properties of the TPS-Fe(III) complex: TPS-Fe(III)
complex is odourless, tasteless, and highly water soluble. However,
it does not dissolve easily in anhydrous ethanol, anhydrous
methanol, ether, and other organic solvents. The chemical bond
between polysaccharides and iron elements is disrupted by the
action of strong acid. Consequently, the free iron ion shows its
characteristic qualitative discrimination response. The solution
did not show any change when potassium ferrocyanide and
potassium thiocyanate were added to the aqueous solution of
the TPS-Fe(III) complex. The hydrochloric acid solution of the
TPS-Fe(III) complex was mixed with potassium ferrocyanide
and potassium thiocyanate reagent.

Further, the ferrous potassium cyanide reagent solution
was added until it appeared blue, and potassium thiocyanate
reagent solution was added until it appeared dark red. The results
indicated that the TPS-Fe(III) complex samples did not contain
free iron ions, suggesting that the polysaccharides bind to iron
rather than mixing physically with iron.

3.2 Determination of the TPS content and iron content of the
TPS-Fe(III) complex

The content of total polysaccharides determined using the
phenol sulfuric acid method was found to be 64.96%. The iron
content measured using an atomic absorption spectrometer
was 0.89%.

3.3 Thermal property analysis

TGA analysis was conducted to determine the extent
of thermal weight loss of TPS and the TPS-Fe(III) complex;
the results are displayed in Figure 1. The water bound to the
polysaccharides chain evaporates at a temperature < 200 °C, and
the degradation of the carbon chain occurs between 200 °C and
400 °C. Compared with TPS, the TPS-Fe(III) complex lost less
total weight, probably due to the cross-linking reaction between
polysaccharides and iron. In the process of complex formation,
the spatial structure of the unstable system is changed to form
a steady-state system (Dong et al., 2017). The preferred spatial
approach is that the anionic groups can be stacked around
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Figure 1. TGA curves for TPS and TPS-Fe(III).

the cation, and the size of the hole in which the cation resides
affects the complex stability. Each ligand contains many donor
groups and adopts the most favourable conformation in the
complexation process. The introduction of iron ions increases
the intramolecular and intermolecular binding and stability of
the complex. Hence, the thermal stability of polysaccharides is
boosted by adding iron, and the prepared TPS-Fe(III) complex
is stable.

3.4 Molecular weight analysis

The mass average molecular weight (Mw), number average
molecular weight (Mn), and polydispersity (Mw/Mn) of TPS and
the TPS-Fe(III) complex were determined to assess the molecular
structure and relative molecular weight of the combination of
iron and polysaccharides. The molecular weight distribution
was analysed through HPGPC, and the representative graph
is shown in Figure 2. The TPS-Fe(III) complex (B) exhibited
higher molecular weight and polydispersity (Mw: 22698 g/mol,
Mw/Mn3.08) than TPS (A) (Mw:18458 g/mol. Mw/Mn: 2.86).
The difference in the molecular weight may be attributed to the
incorporation of iron into the main chain of polysaccharides, which
may play a key role in controlling the molecular weight (Feng &
Zhang, 2020) . Additionally, the molecular weight distribution
curve showed the differences in the structural characteristics
of TPS and the TPS-Fe(III) complex. Both TPS and the TPS-
Fe(III) complex were found to exhibit the unimodal molecular
weight distribution, indicating that the TPS was homogeneous
and the formation of TPS-Fe(III) did not cause chain damage.

3.5 Infrared spectral analysis

To determine the structural differences between TPS and
the TPS-Fe(IlI) complex, their FTIR spectra were recorded
(Figure 3). An extensive intermolecular H-bonding network
is present between all OH groups of the polysaccharides that
holds the polymeric units together. This is consistent with the
major broadening of the OH stretching vibrations in the region
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Figure 2. Relative molecular weight of TPS (A) and the TPS-Fe(III) complex (B).
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Figure 3. FTIR spectra of TPS and the TPS-Fe(III) complex.

of 3500-3200 cm ™' of TPS and the corresponding TPS-Fe(III)
complex analysed in the present study. FTIR spectra display
typical broad stretching peaks; a stretching peak of approximately
3375 cm™ represents hydroxyl groups, and a stretching peak of
approximately 2935 cm™ corresponds to C-H stretching. The peak
intensity at approximately 3375 cm™ on the TPS-Fe(III) complex
was weakened and shifted, which signified that the OH group
was associated with iron. The coordination reaction of the iron
ion with the hydroxyl oxygen atom resulted in the fading of
the ability of the hydroxyl group to form intermolecular and
intermolecular hydrogen bonds. The C-H tensile vibration also
exhibited weakened strength after addition of iron, primarily
due to the rearrangement of the hydrogen bond network of
polysaccharides. Likewise, in the TPS-Fe(III) complex, the
intensity of the associated peak at 1615 cm™ represented the
carbonyl group, where the power of the infrared absorption
peak was weakened and exhibited a redshift compared with TPS
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(Liuetal,, 2019), signifying the involvement of polysaccharides
and iron in the complex reaction.

3.6 Ultraviolet spectrum analysis

UV-visible spectrum is a type of absorption spectrum,
in which molecules absorb electromagnetic waves in the UV-
visible region. Hence, UV-Vis spectroscopy can be used as an
auxiliary tool for the structural analysis of compounds. UV-Vis
spectroscopy is generally used to determine the coordination
reaction and the change of ligand structure. The UV-Vis spectra
of TPS and the TPS-Fe(III) complex are displayed in Figure 4.
TPS and the TPS-Fe(III) complex no typical absorption peaks
at 260 nm and 280 nm, respectively, due to a lack of nucleic
acid and protein. Fe’* acts as an electron acceptor and is a
metal ion with an incomplete orbital. TPS has a conjugated
n-electron system and contains electron-donating groups such
as hydroxyl and carboxyl, which can coordinate with Fe®* as
an organic compound. The UV absorption capacity of the
TPS-Fe(III) complex was stronger than that of TPS, signifying
that TPS and Fe’* can form a complex. The electron transfer
transition band of the ligand in the ultraviolet region causes
strong absorption. The carbonyl, carboxyl, and ester groups
are the typical chromophores that produce absorption peaks
in the UV-Vis region, whereas the hydroxyl and sulthydryl
groups are the common auxochrome. The chromophore and
auxochrome in TPS are mainly the carboxyl and hydroxyl groups,
respectively (Ma et al., 2013). The absorption of the complex in
the ultraviolet region was higher than that of TPS. The results
indicated that the carboxyl and hydroxyl groups may participate
in the coordination reaction and change the absorption intensity
of the ultraviolet light region.

3.7 Structural analysis of 'H NMR

The structural characteristics of TPS and the TPS-Fe(III)
complex were analysed through 1H NMR spectroscopy. As per
"H NMR spectra, the NMR absorption peaks of the polysaccharide
macromolecules were primarily distributed in the region with
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a shift of §3.5-5.5 ppm, which is the characteristic region of
the polysaccharides signal. Figure 5A shows the ' H NMR
spectrum of TPS. The highly overlapping hydrogen signals in
the 8H3.22-4.12 ppm range can be designated as the C-2 to
C-5 (or C-6) proton signals of the glycoside ring, whereas the
hydrogen signal at H4.3-5.5ppm represents the terminal
stromal signal. According to the 1H NMR hydrogen spectra of
the TPS-Fe(III) complex (Figure 5B), the displacement occurred
between 04.5 and 5.5 ppm, except for the strong resonance
absorption peak of heavy water solvent near 64.78 ppm, because
no other clear resonance absorption peak was evident. This
phenomenon was observed probably because the iron element is
paramagnetic and can interfere with the magnetic environment
near polysaccharides. This makes the relaxation time of other
absorption peaks previously visible longer and spectrum peaks
wider, thus forming the apparent phenomenon of reduced or
invisible NMR absorption peaks (Hu et al., 2018).

10 |

08F \

0.6 |
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0.0
200 220 240 260 280 300 320 340 360 380 400
Wavelength (nm)

Figure 4. UV spectra fingerprint of TPS and the TPS-Fe(III) complex.

ATPS

3.8 Morphology and elemental distribution of TPS-Fe(III)

Typical SEM micrographs of TPS and the TPS-Fe(III)
complex are displayed in Figure 6. The surface of TPS (A) and
TPS-Fe(III) complex (B) exhibited obvious changes in size and
shape. Under the condition of 1000 times magnification, the
TPS-Fe(III) complex exhibited a sheet shape (Zhang et al., 2019).
Simultaneously, the EDS analysis indicated the presence of iron
element in the TPS-Fe(III) complex. A clear iron signal was
observed in the TPS-Fe(III) complex. The TPS did not contain
iron; however, the iron content in the TPS-Fe(III) complex was
0.85%. The results showed that the synthesis conditions of the
TPS-Fe(IIT) complex were feasible.

3.9 XRD crystal structure of the TPS-Fe(III) complex

Figure 7 depicts an XRD pattern. XRD analysis is used for
the structural analysis of the internal distribution of atoms.
X-rays passing through a crystalline material of a particular
wavelength can be dispersed because the atoms or ions are
arranged regularly within the crystal. The phase of the scattered
X-rays is improved in some directions. Hence, specific diffraction
phenomena correspond to the crystal structure. Both samples
exhibited less crystallinity and lacked sharp crystallisation peaks.
After the coordination reaction, the crystal morphology changed.
XRD results of the TPS-Fe(III) complex exhibited different peak
positions, signifying that the crystallinity of polysaccharides
changed after incorporation of iron (Ghribi et al., 2015) .
Collectively, iron was introduced into TPS, and the TPS-Fe(III)
complex was successfully formed, as confirmed through XRD
characterisation.

3.10 X-ray photoelectron spectroscopy

Figure 8 illustrates the XPS full-scan maps (A) and the Fe2p
Scanning maps (B) of TPS and the TPS-Fe(III) complex. In the
TPS sample, the characteristic peak of Fe was not found in the
full-scan map and the XPS map of Fe2p, which indicated the
lack of Fe in the sample. However, in the TPS-Fe(III) sample, the

B TPS-Fe : "

Figure 5. ' H NMR spectra of TPS (A) and TPS-Fe(III) (B).
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Figure 6. SEM images for TPS (A) and the TPS-Fe(III) complex (B).
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Figure 7. XRD diffraction spectra of TPS and the TPS-Fe(III) complex.

characteristic electron binding energy peaks of Fe were found
in the XPS scanning spectra of Fe2p. It can be inferred that the
Fe element successfully modifies the polysaccharides after the
reaction (Gao et al., 2018; Wang et al., 2015).

3.11 AFM analysis

An atomic force microscope was used to examine the
morphology of the TPS-Fe(III) complex. Chemical modifications
can change the spatial structure of polysaccharides, thereby
affecting its structure-activity relationship. The spatial structure or
conformation of the polysaccharides plays a vital role in biological
activity (Luetal., 2016) . Figure 9 illustrates the topography images
of TPS and the TPS-Fe(III) complex. The AFM image indicated
that the particle size of the TPS-Fe(III) complex was smaller
than that of TPS, and the distribution of TPS-Fe(III) was more
uniform. This may be because the addition of iron is beneficial
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for optimising the disordered structure of polysaccharides,
which causes aggregation of the sugar chain.

3.12 DPPH free radical scavenging experiment

DPPH can produce stable nitrogen-centred free radicals
in the organic solvent methanol, which is dark purple and has
a strong absorbance peak at 518 nm. The relationship is linear
in a certain concentration range between the content of DPPH
free radical and absorbance. The hydrogen supply is related to
the scavenging activity of DPPH in the reaction system. When
the activity of the DPPH radical is reduced at 518 nm, the colour
of the sample changes, resulting in a decrease in absorbance.
The scavenging activity of TPS and the TPS-Fe(III) complex at
different concentrations was estimated using the aforementioned
principle. As displayed in Figure 10, both TPS and the TPS-Fe(III)
complex showed a certain degree of DPPH radical scavenging
activity. With an increase in the concentration, the corresponding
DPPH free radical scavenging rate gradually improved. At the
1.0 mg/mL concentration, the DPPH radical scavenging activities
of TPS and the TPS-Fe(III) complex were 31.56% and 51.55%,
respectively. The EC, | values of the DPPH radical scavenging
activity of TPS and TPS-Fe(IIT) complex were 1.584 mg/mL and
0.970 mg/mL, respectively. The results indicated that the DPPH
radical scavenging activity of TPS and the TPS-Fe(III) complex
amplified with an increase in concentration, and both showed
a certain degree of concentration dependence. The scavenging
activity of the TPS-Fe(III) complex was higher than that of TPS
in the concentration range of 0.0-1.0 mg/mL.

3.13 Hydroxyl radical scavenging experiment

Hydroxyl radical is an active substance of reactive oxygen
that has a very strong oxidising ability. It can kill red blood cells,
degrade DNA, cell membrane, and macromolecules, and cause
great harm to human health. Thus, the removal of hydroxyl free
radicals is one of the effective measures to prevent diseases. Here,
we adopted the Fenton method to establish a reaction model,
where Fe?" can react with H,O, to produce much short-lived
hydroxyl radicals with high activity. In case of the addition of
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excessive salicylic acid, the free radicals would attack the benzene ~ has the antioxidant ability to scavenge hydroxyl radical, it can
ring of salicylic acid and generate 2, 3-dihydroxybenzoic acid, =~ compete with salicylic acid and react with hydroxyl radical to
with a strong absorbance peak at 510 nm. When the sample  absorb 2, 3-dihydroxybenzoic acid and decrease the absorbance
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Fe(III) complex.

at 510 nm. The hydroxyl radical scavenging activity of TPS
and the TPS-Fe(III) complex is delineated in Figure 11. In the
experiment, the concentration of the samples ranged from 0.0 mg/
mL to 1.0 mg/mL. The hydroxyl radical scavenging activity
of the samples increased with the increase in concentration
and exhibited a certain degree of concentration dependence.
In general, the TPS-Fe(IIT) complex has a higher hydroxyl radical
scavenging ability than TPS. The scavenging activity of TPS and
the TPS-Fe(III) complex was 7.67% and 15.04%, respectively,
at 1.0 mg/mL concentration. The EC, values of the hydroxyl
radical scavenging activity of TPS and the TPS-Fe(III) complex
were 6.515 mg/mL and 3.324 mg/mL, respectively.
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Figure 12. Superoxide anion radical scavenging activity of TPS and
the TPS-Fe(III) complex.

3.14 Superoxide ion free radical scavenging experiment

Super oxygen ions produce a type of active oxygen free
radicals in the human body that can cause serious damage
such as body lipid peroxidation, skin disease, cardiovascular
disease, and cancer and accelerate the body’s ageing process.
Superoxide dismutase can clear the superoxide anion radicals
within the cell, and antioxidants can also be used to remove free
radicals. The pyrogallol method is often used to spot the ability of
antioxidants to scavenge superoxide free radicals; hence, the we
adopted the pyrogallol oxidation method. The scavenging activity
of superoxide root ion free radicals is outlined in Figure 12; as
shown in the figure, the TPS-Fe(III) complex exhibited a stronger
ability to scavenge free radicals than TPS. At 1.0 mg/mL, the
scavenging rates of TPS and the TPS-Fe(III) complex were 16.08%
and 19.72%, respectively. The EC, values of the superoxide radical
scavenging activity of TPS and the TPS-Fe(III) complex were
3.109 mg/mL and 2.536 mg/mL, respectively. The sample may
react with pyrogallol or supply hydrogen to superoxide anion
radicals and thus scavenge the free radicals. The results indicated
that TPS and the TPS-Fe(III) complex possess a strong ability
to inactivate superoxide anion radicals.

3.15 ABTS free radical scavenging experiment

In the form of 2,2-diazo-bis(3-ethyl-benzothiazole-6-sulfonic
acid) diammonium salt, ABTS can react with K.S O, to generate
a stable, blue cationic radical and exhibits a clear absorption
peakat 734 nm. Hence, its concentration can be determined by
detecting the absorbance at 734 nm. If the reaction system becomes
shallow, and the absorbance at 734 nm decreases when a sample
is added to the ABTS free radical solution, the substance has free
radical scavenging activity and is an antioxidant. According to
the aforementioned principles, the ABTS scavenging activity of
TPS and the TPS-Fe(III) complex at different concentrations was
estimated; the results are displayed in Figure 13. The TPS-Fe(III)
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Figure 14. Lipid peroxidation inhibition activity of TPS and the
TPS-Fe(III) complex.

complex displayed a clear ABTS radical scavenging activity of
95.76% at the concentration of 1.0 mg/mL. Though the ABTS
free radical scavenging activity of TPS was lower than that of
TPS-Fe (III), it still showed certain activity. The maximum
ABTS free radical scavenging activity of TPS reached 70.62%
at 1.0 mg/mL. The EC,  values of the ABTS radical scavenging
activity of TPS and the TPS-Fe(III) complex 0.708 mg/mL and
0.522 mg/mL, respectively. The ABTS radical scavenging activity
of TPS and the TPS-Fe(III) complex exhibited some degree of
concentration dependence.

3.16 Liver lipid peroxidation inhibition activity test

Malondialdehyde (MDA) is a normally used lipid peroxidation
index. Under acidic and high temperature conditions, it can
react with TBA to form the reddish-brown trimethanol-3,5,5-
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trimethyloxazole-2,4-dione, which exhibits the maximum
absorption wavelength of 532 nm. The mouse liver homogenate
containing Fe** and H,O, can effectively increase free radical
expression and cause liver peroxidation, thereby increasing the
production of MDA. Antioxidants can also prevent the expression
of free radicals. Figure 14 depicts the ability of the sample to
inhibit MDA production in the Fe** and H,O, system-induced
live homogenate of healthy mice. The inhibition rates of TPS and
the TPS-Fe(IIT) complex were 33.51% and 43.02%, respectively, at
1.0 mg/mL, whereas the EC,  values of TPS and the TPS-Fe(III)
complex were 1.492 mg/mL and 1.162 mg/mL, respectively.

4 Conclusion

This study designed and characterised the TPS-Fe(III)
complex that was prepared by combining TPS with Fe. The results
indicated successful complexation of iron into the Qingzhuan
Dark Tea polysaccharides, and the as-prepared TPS-Fe(III)
was a stable thermal polysaccharide with a compact structure.
The TPS-Fe(III) complex is a brown powder with the Fe content
of 0.89%. The spectral data indicated that the Fe ion in the
TPS-Fe(III) complex bound to the binding site in TPS. Hence,
a spatially separated iron centre is formed on the main chain
of polysaccharides. The FT-IR, UV-Vis, and XRD spectra of
TPS were different from those of the TPS-Fe(III) complex,
which indicated that their structures are diverse. Furthermore,
the structural analysis showed that the polysaccharide ligands
surround the iron in the core. The antioxidant activity of TPS
and the TPS-Fe(III) complex of Qingzhuan Dark Tea was
determined on the basis of the scavenging effects on DPPH
radical, hydroxyl radical, ABTS radical, and superoxide
anion radical and the inhibition effect on lipid peroxidation.
In particular, the TPS-Fe(III) complex exhibited stronger free
radical scavenging ability than TPS, although this ability was
concentration-dependent for both samples. The results showed
that TPS-Fe(III) could form organic iron supplements with a
strong antioxidant activity. Simultaneously, it provides a scientific
basis for further development and utilisation of TPS. However,
the complex relationship between the structural characteristics
of TPS-Fe(III) and its antioxidant activity may be affected by
different combinations of factors, and the exploration of the
mechanism of TPS-Fe(III) antioxidant activity in Qingzhuan
Dark Tea warrants further studies.
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