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Abstract: Polyphenols and polysaccharides are very important natural products with special physic-
ochemical properties and extensive biological activities. Recently, polyphenol-polysaccharide con-
jugates have been synthesized to overcome the limitations of polysaccharides and broaden their
application range. Grafted copolymers are produced through chemical coupling, enzyme-mediated,
and free radical-mediated methods, among which the free radical-induced grafting reaction is the
most cost-effective, ecofriendly, safe, and plausible approach. Here, we review the grafting reactions
of polysaccharides mediated by free radicals with various bioactive polyphenols, such as gallic acid
(GA), ferulic acid (FA), and catechins. A detailed introduction of the methods and their mechanisms
for free radical-mediated grafting is given. Structural characterization methods of the graft products,
including thin-layer chromatography (TLC), ultraviolet-visible (UV-vis) spectroscopy, Fourier trans-
form infrared (FT-IR) spectroscopy, nuclear magnetic resonance (NMR) analysis, and X-ray diffraction
(XRD) are introduced. Furthermore, the biological properties of polyphenol-polysaccharide con-
jugates are also presented, including antioxidant, antibacterial, antidiabetic, and neuroprotection
activities, etc. Moreover, the potential applications of polyphenol-polysaccharide conjugates are
described. Finally, the challenges and research prospects of graft products are summarized.

Keywords: polyphenol-grafted polysaccharides; free radical-induced grafting method; chemical
preparation; function

1. Introduction

Polyphenols are a series of natural compounds based on aromatic rings with multiple
hydroxyl groups. They account for 40% of organic substances. They mainly exist in plants,
such as tea, grass, pomegranates, apples, grape seeds, oranges, cocoa beans, purple sweet
potatoes, and peppers [1]. The four main structural types of natural polyphenols include
flavonoids, phenolic acids, lignans, and stilbenes [2]. Among them, flavonoids and phenolic
acids account for 60% and 30%, respectively (Figure 1).

Polyphenols have antioxidant, anti-inflammatory, anticancer, and antibacterial activi-
ties and the ability to prevent degenerative diseases [3—6]. They have extensive applications
in the fields of household chemical products, medicine, food additives, agriculture, and
functional polymer materials.

Polysaccharides are natural macromolecular compounds composed of at least
20 monosaccharide units [7-9]. Natural polysaccharides are mainly divided into mi-
crobial polysaccharides (fungal and bacterial polysaccharides), animal polysaccharides,
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and plant polysaccharides. Plant polysaccharides include lower plant polysaccharides
(mainly algae) and higher plant polysaccharides. Polysaccharides, along with proteins and
polynucleotides, are very important biological macromolecules in organisms, each of which
plays a different role in maintaining life activities.
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Figure 1. Types of natural polyphenols.
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Polysaccharides are the main active substance of many natural products. Foodborne
polysaccharides have functional activities such as antioxidant [10-12], antitumor [13,14],
hypoglycemic [15,16], immune regulation [17,18], and cholesterol-lowering activities [19,20].
Compared with chemically synthetic drugs, they have lower toxicity and side effects [21].
Therefore, the research on polysaccharides is now receiving increasing attention. Among
them, the natural polysaccharides that have been extensively studied are chitosan and
its structural modifications. Researchers combine chitosan with other biopolymers to
maximize its benefits and reduce its limitations, such as poor mechanical and thermal
stability [22-24].

Studies have shown that polyphenols can be combined with polysaccharides, and the
formed complexes not only have the merits of both but also generate synergistic effects,
such as enhanced physical, chemical, and functional properties. Therefore, they show great
potential for applications in cosmetics, food, and medicine [25]. For instance, research
has indicated that consuming foods rich in both polyphenols and polysaccharides was
more beneficial for body functions, such as reducing plasma and liver lipid levels [26,27].
Therefore, their synergism potential may enhance the efficacy of polysaccharides and
polyphenols as healthy ingredients in foods.

Non-covalent and covalent interactions are the two main modes of interaction be-
tween polyphenols and polysaccharides. Using noncovalent interactions, polyphenols
can approach the surface of polysaccharide molecules through hydrophobic bonds, and
polyphenol molecules enter hydrophobic bags to undergo multi-point hydrogen bond-
ing [28]. The degree of polymerization of polyphenols, the number of hydrophobic groups,
the chain conformation, and the hydrophobicity of polysaccharides affect the binding [29].
For example, the structural characteristics of anthocyanins, such as the degree of polymer-
ization and molecular size, as well as the structural and conformational characteristics of
pectin, affect their binding with pectin. The affinity between citrus pectinase and high
polymerization degree procyanidins was stronger than that of low polymerization de-
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gree procyanidins. The interaction between methylated homogalacturonans and a high
degree of polymerization of procyanidins was found to be mainly through hydrophobic
interactions [30]. Additionally, the association between proanthocyanidin molecules with
a long chain length and highly methylated pectin produced a stronger correlation. In
addition, temperature, pH, reaction time, and reactant concentration can also impact in-
teractions [31]. For example, the interaction between pectin and two anthocyanins with
different hydroxyl groups was studied through molecular dynamics simulations. The
results indicated that both types of pectin had stronger interactions with anthocyanins
via three hydroxyl groups [32]. Another study showed that lower pH and substrate con-
centrations both resulted in stronger adsorption of blueberry pectin and anthocyanins.
The speculated reason was that the decrease in pH led to a weakened interaction between
them, while the hydrophobic interaction increased, and the hydrogen bond tended to be
constant, resulting in a higher binding degree between anthocyanins and pectin. In a word,
small changes in pH, concentration, and other external factors may largely influence the
polyphenol-polysaccharide binding and functional characteristics [33].

Covalent bonds are a type of chemical bond that has stronger forces than non-covalent
bonds. Thus, polyphenols and polysaccharides possess more stable structures through co-
valent bonds. In medicinal plants and crops, covalently linked polyphenol-polysaccharide
conjugates were also abundant [34-37]. Nevertheless, the difficulty in the separation and
the complexity of structural features (especially three-dimensional structure) make the spe-
cific characterization of the complex very difficult. Therefore, people usually prefer to use
chemical methods to graft multiple polyphenols onto polysaccharides artificially [38-41].

Methods of introducing different types of polyphenols onto the polysaccharide struc-
ture include chemical coupling, enzyme-mediated method, and free radical grafting method.

The chemical coupling of polysaccharides and polyphenols is often achieved using the
bifunctional coupling agent carbodiimide [42-44]. Among them, EDC is the most widely
used coupling agent. For example, caffeic acid—chitosan conjugate [45] and chlorogenic
acid—chitosan conjugate [46] were synthesized using the EDC-mediated method. However,
the process of this reaction is accompanied by a large number of toxic and harmful EDC
reagents [47]. Therefore, this method is not conducive to human health and cannot be
widely used in food and medicine.

Laccase is the most widely used in the grafting reaction of polyphenols and polysaccha-
rides in recent years [48]. Natural polyphenols are grafted onto polysaccharide molecules
through enzyme catalysis in a grafting environment that is relatively mild. The process
does not need to be carried out in organic solvents. Compared with the chemical coupling
method, enzyme-mediated biocatalytic synthesis is superior in terms of synthesis efficiency,
specificity of reaction conditions, and environmental protection [48,49]. However, in the
catalytic process, polyphenol oxidase oxidizes the effective functional group of polyphe-
nols, which inevitably affects and inhibits the excellent performance of polyphenols [46].
Therefore, identifying how to avoid this inhibition will be an important breakthrough in
enhancing the biochemical activity of the conjugate.

Recently, the free radical grafting approach has received extensive attention in the co-
valent modification of polysaccharides by polyphenols [50-53]. Among the three methods
of polyphenol grafting modification of polysaccharides, the free radical grafting method is
considered the ideal method, which is simple, safe, and environmentally friendly. Using
this method to prepare polysaccharide polyphenol grafting products has the most practical
value. In Section 2, the free radical grafting method was introduced in detail.

This paper summarizes the synthesis, structural analysis, bioactivities, and potential
applications of polyphenol-polysaccharide graft copolymer mediated by free radicals in
order to make contributions to the more accurate design and targeted use of polyphenol-
polysaccharide conjugates in the future.
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2. Free Radical-Mediated Grafting Method

Free radical initiator systems include ascorbic acid (Vc)-hydrogen peroxide (H,O5)
redox pairs and some peroxide compounds. Among them, the Vc/H,O; redox system has
been extensively used in the grafting reaction of various polyphenols and polysaccharides
since the first successful application of Vc and hydrogen peroxide redox, which was the
synthesis of catechin-grafted chitosan by Curcio et al. [54] in 2009. The method of using
Vc/Hy0; redox pair to initiate the grafting reaction has several advantages: first, the
reaction reagents for generating free radicals are lower cost than either carbodiimide
or enzymes; second, Vc/H,O, redox is less toxic than carbodiimide. Additionally, this
chemical reaction does not require heating, which effectively avoids the destruction of the
phenolic structure, leading to higher yields and lower toxicity of the products than with
other methods [55].

In addition, this method can also be used for polysaccharides without amino groups.
Therefore, it greatly increases the diversity of polyphenol-polysaccharide grafts. Con-
sequently, the Vc/H,O, redox pair-mediated grafting reaction is not only greener and
economical than the chemical coupling method. It also avoids the oxidation of polyphenols
in enzyme-mediated reactions. Although the exact mechanism of this reaction still needs to
be confirmed through more experiments, most researchers believe that its possible mecha-
nism is as shown in Figure 2, in which polysaccharides are represented by chitosan (CS).
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Figure 2. Possible mechanism for the synthesis of polyphenol-g-CS by Vc¢/H,O, redox pair-mediated
grafting method. (a) Procedure for the generation of #OH via Vc/H;O; redox pair. (b) Conjugation
of polyphenol onto CS by ¢ OH-mediated grafting reaction [56].

In this reaction, Vc exists in the form of diacid (AgcHj) in the solution, which re-
acts with H,O, to generate -OH and the spin-stabilized tricarbonyl ascorbic acid radical
(AscH-). Owing to AscH- being acidic, it is not easy to be protonated and usually exists in
the form of semi-dehydrogenated ascorbic acid radical (AscH™). Subsequently, the gener-
ated molecules can snatch hydrogen atoms from the polysaccharide molecules, forming
polysaccharide macromolecular free radicals. Finally, the polyphenol monomer near the
reaction site becomes the receptor of the polysaccharide macromolecule free radical, thus
forming the polysaccharide-polyphenol graft copolymer. Therefore, many researchers
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believe that -OH is the key to initiating the graft copolymerization between polysaccharides
and polyphenols. However, there is still no direct experimental evidence for this statement.

To clarify the exact mechanism of this grafting reaction, Liu et al. [57] compared the
free radicals generated in Vc/H,O; oxidation-reduction system with the -OH generated in
an Fe?* /H,0, reduction system. The Fe?* /H,0, oxidation-reduction system is a classical
Fenton reaction, which produces hydroxyl radicals (Fe?* + H,O, — Fe** + OH~ +-OH).
The free radicals (-OH) generated by these two redox systems can be compared. First, in an
experimental design, free radicals were generated in the Fe?* /H,05 and Vc/H,0, redox
systems and verified by an electron paramagnetic resonance technique. Then, caffeic acid
(CA) was grafted onto CS through Fe?* /H,0, and Vc/H,0, redox systems, respectively.
Lastly, structural analysis of the different grafted products was conducted using various
characterization methods. Results indicated that only Asc™ was detected in the Vc/HyO,
system. The reaction between Asc™ and CS produced new substances (novel carbon-
centered radicals), whereas no radicals were detected when -OH reacted with CS. The study
suggested the reaction between CS and CA in the Vc¢/H,O, redox system was mediated by
Asc™ rather than -OH. Asc™ generated in Vc/HpO; redox system abstracted hydrogen atom
from CS and produced carbon-centered radicals along CS chains, resulting in a reduction
of intermolecular hydrogen bonds.

Therefore, the free radical-initiated graft reaction is a new development and envi-
ronmentally protective approach to synthesizing polyphenol-polysaccharide conjugates.
In this reaction process, an organic solvent is not involved, which avoids the oxidation
damage of polyphenolic structure. It is a “green” preparation method and maintains the
excellent chemical properties of polyphenols.

After the grafting reaction is completed, the general purification steps are as fol-
lows [51,53,58]. Firstly, the resulting mixture is centrifuged for 20-30 min to remove
unreacted free polyphenols and precipitate overnight with 4 volumes of 95% ethanol at
4 °C at once. Then, the precipitate is collected through filtration or centrifugation steps, dis-
solved again in distilled water, and dialyzed with distilled water (MWCO: 6-8 kDa) for 48
to 72 h. Finally, the dialysate is lyophilized to obtain a relatively pure graft conjugate solid.
In addition, if the sample still contained unreacted polysaccharides, a column separation
process could be performed to remove a small amount of excess polysaccharides.

3. Structural Characterization
3.1. Thin-Layer Chromatography

Thin-layer chromatography (TLC) is often used for the separation or purification of
mixtures of chemical compounds due to its advantages of being convenient, economical,
and easy to use, and it does not require large volumes of organic solvent [59]. To verify
the presence of free polyphenols in polyphenol-polysaccharide conjugates, TLC analysis is
usually performed.

Bai et al. [60] separated gallic acid (GA), O-carboxymethyl chitosan (O-CMCS), and
synthesized GA grafted O-CMCS (GA-g-CMCS) onto a silica gel GF254 plate by using
trichloromethane—ethyl acetate—acetic acid (50:50:1, v/v) as expansion agent. First, GA,
O-CMCS, and GA-g-CMCS were individually developed on a silica gel plate. Then, the
developed plate was fumigated with iodine vapor for 10 min. Finally, the results showed
that no spots of GA were observed on the developed TLC plate, indicating that GA had
participated in the reaction and grafted onto O-CMCS. Similar experimental plans were
established by Chatterjee [61], Liu [57], and Cho et al. [62] applying chloroform—ethyl
acetate—acetic acid (50:50:1) or butyl alcohol-deionized water—acetic acid (50:40:1) to the
developing solvent, respectively. To enhance the color rendering effect and hold the color
rendering for a period of time, the plate is often exposed to 30% H;SOj or iodine vapors, and
spots with different migration lengths emerge on it. Generally, phenolic compounds have a
higher R (distance of analyte migration/distance of mobile phase migration) value than
grafted products. Therefore, phenolic compounds migrate some distance on the TLC plate,
while polyphenol-polysaccharide conjugates stay at the baseline. More TLC technologies,
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such as high-performance thin-layer chromatography (HPTLC), are likely to be used in
the separation and preparation of different polyphenol-polysaccharide conjugates in the
future [63].

3.2. Ultraviolet-Visible Spectroscopy

Ultraviolet-visible (UV-vis), an electron transition spectrum with an absorption wave-
length range of 200-400 nm, can be applied to identify conjugation and certain characteristic
functional groups, substance content, and isomers. Ordinarily, polyphenolic compounds
exhibit one or two significant absorption bands, as there is generally not one aromatic
ring in their structure. On the contrary, except for a few natural polysaccharides such
as inulin in which a clear absorption peak at 210 nm appears in the spectrum [64], most
polysaccharides do not exhibit absorption bands in the wavelength range of 200-400 nm
due to the lack of chromophore. Therefore, the successful graft reaction can be determined
by the analysis and comparison of the UV spectra of polyphenols, polysaccharides, and
their grafting products.

For instance, FA has two signals at about 294 nm and 321 nm, which have been indi-
cated to the conjugated system of the FA benzene ring. After conjugation with carboxylic
curdlan, the grafted products showed two characteristic absorption peaks near 293 and
319 nm, indicating that FA was grafted onto the carboxylic acid curdlan successfully [65].
Notably, most researchers have found that the UV-vis absorption peaks of polyphenol-
grafted polysaccharides shifted toward longer wavelengths. This phenomenon is attributed
to the relative configuration between the energy levels of the conjugated system, which
is relatively compact, and the energy required for the n—m* and m—7* electronic transi-
tions [58,60,66,67]. However, Zeng et al. [64] found that the characteristic peaks at 209
and 272 nm in the spectrum of the banana condensed tannin-inulin conjugate (BCT-g-
inulin) shifted to shorter wavelengths (207 and 271 nm). This change may have been
caused by active groups of BCT, which decreased the m—m* electronic transition energy
gap and probability of electronic transition [68]. Additionally, the UV-vis absorption inten-
sity of polyphenol-polysaccharide conjugates was positively correlated with the grafting
rate [69,70].

3.3. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FI-IR) spectroscopy is a characterization method for
inferring the functional groups of organic substances. It is mainly applied to analyze
the composition of unknown organic substances qualitatively and can obtain important
information, such as the composition of the main covalent bond and functional groups. By
comparing the differences in the FI-IR spectra of polysaccharides and grafted products, the
structural characteristics of the polyphenol-polysaccharide conjugates can be inferred [51-53].

Usually, several new bands are produced in covalently linked conjugates. For example,
new characteristic absorption bands appeared at about 1514 cm™! in the IR spectra of
ferulic acid-grafted curdlan conjugates (Cur-g-FA) in comparison with those of curdlan.
This illustrated that covalent linkages occurred between FA and the hydroxyl groups
of curdlan, thus further implying that FA was grafted onto the main chain successfully.
Additionally, the grafting effect of the coupling compound can be calculated by tracking
the changes in peak strength. For example, the peak intensity of Cur-g-D-FA at 1514 cm ™!
was slightly higher than that at 1516 cm ! for Cur-g-FA. It showed that the grafting effect
of Cur-g-D-FA was better than that of Cur-g-FA [50].

3.4. Nuclear Magnetic Resonance Analysis

Nuclear magnetic resonance (NMR) spectroscopy is the main analytical technology
for obtaining structural information of organic compounds and biological macromolecules.
It can provide valuable structural information about the entire molecule through a series of
analytical tests. As summarized in Table 1, the molecular structure of polyphenol-grafted
polysaccharides has been characterized by 'H NMR and '3C NMR [50,66,70].
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Generally, the structure of polyphenol-polysaccharide conjugates retains most of the
structural information of both the polyphenols and the polysaccharides. Therefore, the
chemical shift and peak splitting of the grafted product in the 'H NMR spectrum generally
reflect the chemical shift characteristics of the polyphenol moiety and polysaccharide
main chain. For example, the 'H NMR spectrum of catechin grafted Tremella fuciformis
polysaccharide (catechin-g-TPS) displayed the whole characteristic proton signals of TPS
(6 =5.18 ppm, 6 = 5.10 ppm, § = 4.35 ppm, § = 2.02 ppm, 6 = 1.16 ppm). In addition,
new hydrogen signals were observed in the 'H NMR spectrum of the graft (5 = 6.80 ppm,
6 = 6.60 ppm), which proved the success of the grafting reaction [52].

13C NMR is also a characterization method for the structure of polyphenol-polysaccharide
conjugates. The 13C NMR spectrum of CS showed signals at 57.8 ppm (C-2), 61.1 ppm (C-6),
75.5 ppm (C-3), 83.2 ppm (C-5), 105.3 ppm (C-4), 174.2 ppm (C-7), and 23.7 ppm (C-8). The
carbonyl and methyl groups of N-acetylglucosamine showed signals at 174.2 ppm (C-7) and
23.7 ppm (C-8), respectively. Compared with CS, phenolic acid—CS conjugates showed new
peaks near 150 ppm. Based on the peaks of carbon atoms, the peaks were assigned to the
C=C double bond of polyphenol. Furthermore, for the formation of a carbonyl group (C=0)
between the carboxyl group of phenolic acid and CS, a signal enhancement of 174.2 ppm
(C-7) occurred. These results once again confirmed the covalent binding between phenolic
acids and CS chains [66].

In addition, two-dimensional (2D) NMR technologies are suitable for the structural
identification of complex natural products and biological macromolecules [71-76]. It can
provide the connection relationship and spatial configuration between H-H, C-H, and C-C,
which is conducive to the spectral analysis of complex compounds. Two dimensional NMR
spectroscopy has also been widely used for polysaccharide, polyphenol, and polyphenol-
polysaccharide conjugate analyses.

3.5. Crystallinity Analysis

X-ray diffraction (XRD) is a research method for obtaining information about the
composition, internal atomic structure, or morphology of materials through analysis of their
X-ray diffraction patterns [77]. It can serve as a supplementary method for analyzing the
crystallinity of polyphenol-polysaccharide conjugates. Usually, it is possible to determine
whether a material is a crystalline material on the basis of the shape of the XRD peak. Sharp,
narrow peaks indicate that the material is in a crystalline state, while wide peaks reflect an
amorphous state [38,52].

Liu et al. [53] determined the crystallographic structures of CS, N, O-carboxymethyl CS
(NOCC), and NOCC grafted copolymers by XRD. The results indicated that the diffraction
pattern of NOCC at 26 = 20° displayed a wider characteristic peak than that of the original
CS, indicating that NOCC and CS were amorphous and semi-crystalline, respectively.
However, the grafts of GA, CA, and FA with NOCC exhibited broader and weaker peaks at
26 =23.1°,23.6° and 22.4°, separately, confirming a successful graft. These results indicated
that the inter- and intramolecular hydrogen bonds of the original NOCC had significantly
decreased after grafting, resulting in the increasing looseness of the packing structure and
improving water solubility of grafted products. Consistent results have also been reported
by other authors [66,67,78].

3.6. Scanning Electron Microscope

Scanning electron microscopy (SEM) can characterize the microscopic morphology of
substances and field-emission scanning electron microscope (FE-SEM) can obtain highly
three-dimensional and faithful information on the surface microstructure of the sam-
ple. Currently, SEM and FE-SEM have been used to observe the surface morphology
of polyphenol-polysaccharides [51,52,60,79-81].

As reported, apparent differences in the surface morphology of polysaccharides were
discovered once grafted with polyphenols. Polysaccharides usually showed a smooth
surface, while grafted polymers had a much rougher surface, which was attributed to
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the hydrogen bonds [52,64,65,79]. Wang et al. [65] observed that the appearance of car-
boxylic curdlan copolymer changed after FA grafting and exhibited a relatively rough
and fractured surface structure. This was because introducing phenolic substances could
disrupt the integrated structure of polymers [82]. However, there has also been the oppo-
site situation. Wang et al. [51] demonstrated that native pectin had a rough and compact
flake structure comparatively. Yet, pectin-g-FA presented a flake-like network with a com-
paratively smooth and wide surface. The results indicated that there was a significant
correlation between the surface characteristics of polyphenol-polysaccharide conjugates
and the characteristics of natural polysaccharides [83].

4. Gallic Acid-Polysaccharide Conjugate
4.1. Gallic Acid

Gallic acid (GA), chemically known as 3,4,5-trihydroxybenzoic acid, is a natural
polyphenolic acid with a simple chemical structure. It is a secondary metabolite of plants
and is found in various vegetables, fruits, and other plants [84,85]. GA has multiple bioactiv-
ities, including antioxidant, antitumor, antibacterial, and liver-protective functions [86-89].
It has preventive and therapeutic effects on the cardiovascular and nervous systems and
against diabetes, liver fibrosis, tumors, and other diseases, thus providing broad application
prospects for disease treatment [90]. The gallic acid—polysaccharide (GA-g-PS) conjugate
is one of the most studied conjugates, and the biological activities of GA-g-PS have been
widely reported and have shown many potential applications.

4.2. Biological Activity
4.2.1. Antioxidant Activity

The metabolic reactions of the human body produce various free radicals and reactive
oxygen species (ROS). Their excessive accumulation can result in oxidative damage to
cells and lead to aging, atherosclerosis, cancer, and other diseases [91]. In addition, oxida-
tion causes quality degradation of fruits, vegetables, and fruit juices during storage and
transportation, affecting the visual and taste experience [92]. Therefore, the study of antiox-
idant substances has attracted wide attention. Considerable evidence has demonstrated
that grafting GA onto polysaccharides significantly enhanced the antioxidant activity of
polysaccharides [52,66,67,93].

The antioxidant activities of GA grafted CS (GA-g-CS) or N,O-carboxymethyl CS
(GA-g-NOCC) conjugates have been studied through different free radical scavenging
assays [53,64,69]. Results showed that the grafting ratios of GA-g-NOCC and GA-g-CS
were determined as 45.8 mg CAE/g and 72.27 mg CAE/g, respectively. The antioxidant
activity decreased in the order of GA-g-NOCC > NOCC > CS [53]. At 0.4 mg/mL, the
2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) radical scavenging activities of GA-g-CS was the same as that of free GA. In
addition, the graft product showed superior cytocompatibility against RAW264.7 mouse
macrophages. And GA-g-CS also showed the formation of intracellular ROS in a time- and
dose-dependent manner in RAW264.7 mouse macrophages [62]. Zhang et al. [94] func-
tionalized CS with GA by free radical initiation and other means. The obtained GA-g-CS
were further developed into films by casting and showed DPPH radical scavenging ability.
The antioxidant level of the film was positively correlated with the grafting rate [95]. This
implied that this material could further develop as an active antioxidant packaging film.

4.2.2. Antibacterial Activity

With the increasing resistance to antibiotics, research and development of new antibac-
terial agents is urgent. Particularly in the food industry, there is a demand for non-toxic
and safe natural antibacterial agents.

Some GA-g-PS conjugates have been shown to have significant antibacterial properties.
According to Singh et al. [96], the antibacterial activity of GA grafted chitin-glucan (GA-g-
glucan) complexes, which was calculated that 50% of GA was grafted with chitin-glucan
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complex, were studied against Gram-positive and Gram-negative bacteria, Bacillus subtilis,
and Escherichia coli, respectively. Due to the diversity of Gram-positive and Gram-negative
bacteria, the GA-g-glucan complex only had an obvious inhibitory effect on the growth of
Bacillus subtilis and Escherichia coli. However, the mechanism of the antibacterial effect of
the graft copolymer still needs further exploration.

5. Ferulic Acid-Polysaccharide Conjugate
5.1. Ferulic Acid

Ferulic acid (FA) is a derivative of cinnamic acid, which is commonly found in plant
tissues [97-99]. They are easily absorbed and metabolized by the human body and have
low toxicity and safety. Their medicinal value is receiving increasing attention.

FA compounds have a wide range of biological activities, including renal protective,
antibacterial, antidepressant, anti-apoptotic, antiviral, and anticancer activities [100-103].
In addition, FA is a reduction agent and has a strong scavenging effect on free radicals, such
as peroxides and superoxide compounds [104,105]. Grafting FA onto polysaccharides, such
as CS, carboxymethyl CS, and pectin can enhance the biological function of polysaccharides
and the physicochemical properties of FA [51,53,58,106,107]. For the last few years, the
coupling of FA and polysaccharides has attracted increasingly more attention.

5.2. Biological Activity
Antioxidant Activity

As reported by Cai et al. [50], water-soluble curdlan products (Cur and Cur-D) were
prepared, and FA-grafted Cur conjugates (Cur-g-FA and Cur-D-g-FA) were prepared by
Ve /HpO; redox systems under an inert atmosphere. The grafting ratios of Cur-g-FA and
Cur-D-g-FA were tested to be 99.30 mg FA/g and 102.93 mg FA /g, respectively. FA-g-
Cur conjugates indicated significantly enhanced scavenging activity for DPPH radicals
(p < 0.05) compared with native Cur-D. Their effective DPPH radical scavenging ability was
mainly dependent on the grafted FA portion of the Cur backbone. Furthermore, the DPPH
radical scavenging activity of the grafted products was proportional to the grafting rate. In
addition, Cur-g-FA and Cur-D-g-FA had significantly better Trolox equivalent antioxidant
capacities (TEACs) compared to native Cur-D, indicating that the combination of them
enhanced the antioxidant activity.

The same group [51] also grafted FA onto pectin (UP30 and UP60) through a free
radical-mediated grafting process, and pectin-g-FA, UP30-g-FA, and UP60-g-FA conju-
gates were prepared with the grafting ratios of 65.43 mg FA/g, 82.55 mg FA/g and
75.82 £+ 0.89 mg FA /g, respectively. The conjugates possessed prominent DPPH radical
scavenging ability (ICsp: 0.32-0.89 mg mL™7) and antioxidant capacity (TEAC: 100.02-153.42 umol
Trolox/gsample; FRAP: 166.41-270.27 pmol FeSO4 g/sample). The research results indi-
cated that FA-grafted pectin could serve as an excellent antioxidant agent and showed
great potential in many fields, such as medicine.

Liu, et al [53,66] grafted FA onto N, O-carboxymethyl CS (NOCC), and CS, respectively,
and obtained grafted products FA-g-NOCC and FA-g-CS. The grafting ratios of FA-g-NOCC
and FA-g-CS were 36.7 mg FA /g and 66.7 mg FA /g, respectively. It was also evaluated to
show that the antioxidant activities of FA-g-NOCC and FA-g-CS were significantly higher
than those of natural NOCC or CS. Animal experiments have shown that the CS derivatives
visibly increased the activity of antioxidant enzymes in the serum and liver of aging mice
induced by D-galactose and reduced the level of malondialdehyde. Their results suggested
the potential of FA-g-CS in developing new antioxidants.

5.3. Applications
5.3.1. Drug Delivery System

A drug delivery system (DDS) refers to the technical system that comprehensively
regulates the distribution of drugs in an organism in space, time, and dose. Its goal is
to achieve precise drug delivery and tumor-targeted release at the molecular level, thus
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increasing the utilization efficiency of drugs, improving efficacy, and reducing costs and
side effects [108].

Polysaccharides have become one of the most promising polymers for developing
various drug delivery systems due to their excellent properties. In order to tailor DDS,
various forms have been developed in recent years, including nanoparticles, microparticles,
tablets, gels, as well as films and membranes [80,109].

Studies have shown that grafting phenolic acid onto polysaccharides, such as CS, can
also produce a new DDS [110]. According to Li et al. [58], a new type of DDS based on CS
derivatives was synthesized by introducing FA to CS through free radicals with the grafting
ratio of 102.93 mg FA /g. Bovine serum albumin (BSA) was encapsulated following a spray
drying technique using CS-g-FA as wall material, affording microparticles of encapsulated
BSA. An in vitro release study of microencapsulation showed that the excessive drug
loading (c = 0.2 g) caused the drug density to be high, and the same area released more
drugs, leading to a large number of water molecules entering the microspheres and forming
more pores. This accelerated the early release of drugs, and the release effect was not
obvious. However, when the drug loading was too small (c = 0.1 g), the low-density drug
made it easy for water molecules to enter the microspheres and form more gaps. This
would cause the initial release to be larger, and the time to reach the maximum release
rate was 2.5 h. When the drug loading was 0.15g (c = 0.15g), the microspheres could be
significantly release-sustained. At 15 h, the maximum BSA released from the microspheres
was 72%. So, the slow release of BSA in Phosphate buffer (pH 7.4) over a period of 15 h
showed the practicability of the embedding scheme. This study clearly demonstrated
that CS-g-FA conjugate was a potential functionalized carrier material for drug delivery.
However, this study had no evidence to suggest how this new drug carrier would help to
improve the efficacy and reduce side effects.

5.3.2. Emulsions for Nutraceutical Delivery Systems

B-Carotene (BC) possesses significant antioxidant properties. It is used in dietary sup-
plements as well as in the treatment of degenerative diseases and several cancers [111]. BC
contains unstable polydilute groups. To promote the chemical stability and bioaccessibility
of BC, different food-grade delivery systems were designed by researchers [112-114]. For
example, Yu and coworkers [115] evaluated the emulsifying performance and contribution
of an FA-grafted curdlan conjugate (Cur-D-g-FA) to the chemical stability of BC. The results
indicated that a 0.8% Cur-D-g-FA showed the best anti-droplet coalescence stability of a
lotion from three aspects: droplet size, negative charge, and size distribution. Exposed
to different environmental stresses, the emulsions stabilized by 0.8% Cur-D-g-FA could
improve the chemical stability of BC and resulted in good bioaccessibility of BC in vitro.

On the basis of this work, the team also studied the effect of FA-grafted carboxylic
curdlan conjugates on BC storage stability [65]. FA-grafted carboxylic curdlan conjugates
(Cur-8-g-FA and Cur-24-g-FA) were synthesized, and the grafting ratios of Cur-8-g-FA and
Cur-24-g-FA were 223.03 mg FA /g and 115.63 mg FA /g, respectively. They prepared to ob-
tain BC emulsions stabilized by FA—grafted carboxylic curdlan conjugates (Cur-8-g-FA /BC
and Cur-24-g-FA/BC) and then determined the droplet sizes and zeta potentials of emul-
sions. The storage stability of BC-loaded pickering lotion was evaluated by periodically
determining the content of BC. Results showed that their fairly good emulsion stabilities
were demonstrated by comparing the droplet sizes and zeta potentials of BC emulsions
stabilized with Cur-8-g-FA and Cur-24-g-FA. Furthermore, Cur-8-g-FA could avoid the
decomposition of BC better than Cur-24-g-FA during storage in the emulsions. It showed
that Cur-8-g-FA could serve as an alternative stabilizer to protect the structure of BC from
dissociation. Thus, it could be used in the field of functional food.
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6. Catechin—Polysaccharide Conjugate
6.1. Catechin

Catechin is a type of active natural phenolic substance extracted from plant species [116].
It has a structure of 2-phenylbenzopyran, composed of two benzene rings referred to as
ring A and ring B, with a dihydrofuran structure in a ring C structure, and its third carbon
connected with a hydroxyl group. Catechin mainly consists of four monomers and optical
isomers. Their chemical structure is shown in Figure 3.
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Figure 3. Chemical structure of eight isomers of catechin.

Catechin has a variety of physiological functions [117,118], such as antioxidation [119,120],
anticancer [121], antimicrobial [122], hypoglycemic [123], lipid-lowering [124,125], and neu-
roprotection [126,127]. Researchers have performed structural modifications of these,
mainly through physical and biochemical methods, to improve the physicochemical prop-
erties of catechins [128-130]. In recent years, the chemical combination of polysaccha-
rides and catechins through graft copolymerization has been found to be effective for
simultaneously enhancing the biological activity of polysaccharides and the stability of
polyphenols [52,69,78,79,131-134].

6.2. Biological Activity
6.2.1. Antioxidant Activity

The antioxidant properties of catechins grafted with different polysaccharides were
evaluated, detecting multiple indicators over recent years. Liu et al. [52] reported that the
free radical-mediated grafting of catechin onto Tremella fuciformis polysaccharide (TPS) was
achieved by using a redox system, and the grafting ratio of the product was 265 mg CAE/g.
The DPPH radical scavenging activity of TPS and catechin-g-TPS was enhanced in a
concentration-dependent manner. Additionally, at the same concentrations, the scavenging
activity of the polymer against DPPH radical was less than that of catechin. In terms of
reducing capacity, which can also evaluate its antioxidant activity, the grafted copolymer
had a stronger reduction ability than TPS.

The activity of conjugate was mainly dependent on the catechin fraction. Density
functional theory (DFT) has been applied to study antioxidant compounds, and the calcula-
tions indicated that the antioxidant activity of substances was related to their molecular
structure [135-137]. There are many electron-donating groups in the A and B rings of
catechins, and they have a strong ability to capture free radicals. When catechins were
grafted onto TPS, the antioxidation of TPS was significantly enhanced [137]. Identical
conclusions were also reported by Cho [131].

Zhu et al. [79] studied the antioxidant function of catechin-grafted CS (catechin-g—CS)
with a grafting ratio of 65.89 mg CAE/g. At the same concentration, the reducing power,
hydroxyl, and DPPH radical scavenging ability of the graft copolymer were much higher
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than those of CS. The reduction ability is usually related to the presence of reductones
with hydrogen-donating ability [57]. The intramolecular hydrogen bonds attenuated the
hydrogen-donating ability of hydroxyl and amino groups. Therefore, the reduction ability
of CS decreased. It was speculated that the strong reduction ability of catechin-g-CS might
be due to the insertion of catechins that break the hydrogen bonds of CS, thereby increasing
its hydrogen supply capacity.

6.2.2. Antibacterial Activity

With the long-term application of antibiotics in the world, bacterial resistance has
gradually become an issue of concern, so it is necessary to explore new antibiotics.

Research showed that the grafted polyphenol-polysaccharides had good antibacterial
activity. Cho et al. [131] tested antimicrobial activity against methicillin-resistant Staphylo-
coccus aureus (MRSA) and foodborne pathogens of catechin-g-CS conjugate (the grafting
ratio was 22.17 mg CAE/g) using MIC value against two standard MRSAs, three stan-
dard MSSAs, and 15 clinical isolates. Cho et al. [131] tested antimicrobial activity against
methicillin-resistant Staphylococcus aureus (MRSA) and foodborne pathogens of catechin-g-
CS conjugate. They also tested the antimicrobial activity of the polymer and the unmodified
CS against foodborne pathogens (three Gram-positive and six Gram-negative). The MICs of
the catechin-g-CS conjugates were 64 pug/mL for B. subtilis, E. faecalis, and L. monocytogenes,
which was less than the MIC value of unmodified CS. To summarize, catechin-g-CS conju-
gates showed better antibacterial activity than unmodified CS. The integrity cell membrane,
outer membrane (OM), and inner membrane (IM) permeabilization experiments indicated
that the graft could disrupt the cell membrane of germs, and it accelerated the release
of B-galactosidase and increased the 1-N-phenylanphthylamine (NPN) uptake for both
germs [138].

However, some research papers also reported that the antibacterial activity of the
polyphenol-polysaccharide conjugates was slightly lower than that of CS, and the reason
for the possibility was that the antibacterial activity also depended on strains, pH, and
degree of substitution [78,139]. These studies verified that polyphenol-polysaccharide
conjugates had good antibacterial activity.

6.2.3. Antidiabetic Activity

Diabetes mellitus (DM) is usually a chronic disease with a combination of genetic and
environmental factors. Among them, insulin-independent diabetes mellitus, also known as
type 2 diabetes (T2DM)), is currently an incurable fatal disease [140]. With the prevalence of
diabetes worldwide, people urgently need a new generation of antidiabetic drugs. Natural
polyphenols and polysaccharides, as well as their grafts, have some level of antiglycemic
activity [141-143].

Zhu et al. [79] studied the antidiabetic potential activity of catechin-g-CS (the grafting
ratio was 65.89 mg CAE/g). Using acarbose as control, which is a drug commonly used
in the treatment of T2DM, the inhibitory effects of CS, catechin-g-CS, and catechin on
glucosidase were studied. The inhibition rate of catechin-g-CS was the highest (72.45%), and
the inhibition rates of CS, catechin-g-CS, catechol, and acarbose on o-amylase were 17.65%,
36.47%, 32.35%, and 62.94%, respectively. Among all test materials, acarbose showed the
strongest amylase inhibition. The inhibitory effect of catechin on amylase was much lower
than that of acarbose but higher than that of CS, which indicates some synergistic action
exists between catechin and CS on «-glucosidase and a-amylase inhibitory effect. The
results suggested that catechin-g-CS had a strong inhibitory effect against glucosidase and
a mild inhibitory effect against c-amylase and possibly had contributed to the treatment
of T2DM. However, there was a lack of an in-depth study on the anti-T2DM activity and
potential mechanism of the graft copolymer.
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6.2.4. Neuroprotection Activity

Neurodegenerative diseases (NDs) damage the central nervous system (CNS). Due
to structural damage or even apoptosis of neurons in the CNS, NDs can affect normal
cognitive and motor functions in the human body [144]. Common NDs include Alzheimer’s
disease (AD), Parkinson’s disease, amyotrophic lateral sclerosis, Huntington’s disease, and
stroke [145,146]. Over the past decades, natural drugs have been isolated from natural
medicinal plants, and many studies have been performed to investigate their role in
NDs, such as AD, in terms of scavenging free radicals, inhibiting neuroinflammation and
neuronal apoptosis, and enhancing the function of cholinergic neurons. Among them,
polyphenols, alkaloids, and polysaccharides have been shown to have potential therapeutic
effects on AD [147-150].

Researchers have focused on the neuroprotective function of polyphenol-grafted
polysaccharides. Xu et al. [78] developed protocatechuic acid (PCA) grafted CS (PCA-g-CS)
via free radical-mediated grafting reaction. Then, they studied neuroprotective effects
against H,O, and L-glutamic acid (GLU)-induced apoptosis in PC12 cells. The conclusion
was that no great cytotoxicity of PCA-g-CS, natural CS, or chitooligosaccharides was found,
even at high concentrations (0.8 mg/mL). The partially degraded native CS had little
impact on the viability of the cells treated for 48 h. This indicated that the PCA components
enhanced cell viability in the PCA-g-CS-treated cells rather than CS-derived glucosamine
nutrients. Then, the neuroprotective effects of the copolymers against GLU-induced PC12
cell death were evaluated. The results showed that PCA-g-CS had comparatively good
inhibition of GLU-induced excitotoxicity with the corresponding viability of 70.3 & 3.1%
and 75.9 £ 3.6%, respectively. Instead, different concentrations of CS had no significant
impact on the survival of PC12 cells, indicating that grafted PCA played a very important
role in the neuroprotective effects rather than CS. In short, the copolymer had certain
protective functions in PC12 cells against HO,- and GLU-induced oxidative damage,
which might have application value in areas such as antioxidant drug release. However,
deeper research, such as the mechanisms of neuroprotection and related signal transduction
pathways, should be undertaken.

7. Other Polyphenol-Polysaccharide Conjugates

The above mainly summarizes the conjugates of GA, FA, and catechins with polysac-
charides. In addition, some other polyphenols, such as proanthocyanidin, chlorogenic acid,
and quercetin, were also conjugated to polysaccharides and had certain biological activities.

Proanthocyanidin is a large secondary plant metabolite called flavonoids, widely
present in the flowers, fruits, and rhizomes of plants [151]. They have complex and diverse
functions, and their antioxidant [152,153], antibacterial [154,155], anti-tumor [156,157], anti-
inflammatory [158], and cardiovascular protection activities [159] are excellent.
Proanthocyanidin—polysaccharide conjugates have been proven to have strong antiox-
idant activity and certain antibacterial activity against E. coli and S. aureus [160].

As another type of polyphenol plant extract, chlorogenic acid has many medicinal
functions, such as anticancer [161], antioxidation [162], anti-inflammatory [163], and im-
mune regulatory functions [164]. Research has shown that chlorogenic acid can be grafted
onto CS by a free radical-mediated grafting method. Moreover, it was found that the
grafting materials had an inhibitory effect on the growth of E. coli, S. aureus, and B. subtilis,
indicating that they had the value of utilization as a postharvest fresh-keeping agent for
food [93,165].

Additionally, quercetin was grafted onto starch, and the grafting products exhibited
scavenging free radicals, inhibiting free radical formation and total antioxidant activ-
ity [166]. However, more efforts should be made to conduct in-depth mechanistic research
to increase the possibility of practical applications of graft products in food, pharmaceutical,
and biomedical fields.
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Table 1. A summary of characterization methods, biological activities, and applications of polyphenol-

polysaccharide conjugates mediated by free radicals.

Characterization

Polyphenols Polysaccharides Methods Biological Activities Applications References
UV-vis, FT-IR, XRD, DSC, DPPH scavenging activity; .. ..
FA Curdlan 1H NMR, 3C NMR, antioxidant capacity Antioxidant additive [47]
UV-vis, FT-IR, XRD, DSC, DPPH scavenging activity;
FA Pectin 1H NMR, 13C NMR, SEM, antiond danfcag i Vi Antioxidant additive [48]
SEC-MALLS paclty
. Tremella fuciformis FT-IR, '"H NMR, TGA, DPPH scavenging activity; - o
Catechin polysaccharide XRD, SEM reducing power Antioxidant additive [49]
Superoxide, hydroxyl radical,
UV-vis, FT-IR, 'H H,0;, and DPPH scavenging .. ..
GA,CA,FA Carboxymethyl CS NMR, XRD activity; lipid peroxidation Antioxidant additive [50]
inhibition effect, reducing power
Superoxide, hydroxyl radical, and
Vi IR, ! P , ydroxy. ,
CA,FA CS U]\3/ vis, FT-IR, H NMR, H,O, scavenging activity; lipid Antioxidant additive [63]
CNMR, XRD, TGA A
peroxidation inhibition effect;
DPPH radicals scavenging
- o 1 activity; reducing power;
GA O-carboxymethyl CS TLC, UV-vis, FT-IR, "H protective effect against Antioxidant additive [56]
NMR, XRD, SEM . 1
H,0;-induced oxidative damage
in RAW264.7 cells
DPPH scavenging activity; total ~ Drug delivery; drugs
. FT-IR, Fluorescence antioxidant activity; scavenging in the treatment of
Quercetin Starch analyses, DSC properties on peroxynitrite anion;  Alzheimer’s disease [166]
a—amylase inhibitory activity and diabetes
. 'H NMR, FE-SEM, Reducing power; hydroxyland s 1o idant additive;
Catechin CS DPPH activity; in vitro Y . [76]
TGA, XRD A R .. anti-diabetic agent
anti-diabetic activity
; 'H NMR, FE-SEM § powel; the I anti-diabetic agent
tannins hypoglycemic activity
Total antioxidant activity;
GA, Catechin CS hydroxyl radical Food preservatives [51]
scavenging activity
DPPH scavenging activity;
protection ability against
hydrogen peroxide-induced . N
Catechin (@] TH NMR hepatic damage; inhibition Ant1ox1'da'n ¢ ad.d1t1ve, [128]
- L antimicrobial
activity against intracellular ROS
formation and cell membrane
lipid peroxidation
DPPH, ABTS, and hydroxyl f
. GPC, UV-vis, scavenging activity; peroxyl Drugs o
Catechin Dextran "H-NMR, FT-IR radicals; the inhibition of lipid pancreatic ductal [129]
. . S adenocarcinoma
peroxidation; anticancer activity;
. . UV-vis, FT-IR, NMR, reducing starch digestibility and . .
Catechin Arabinoxylan TGA, DTG affecting gut fermentation A novel dietary fiber [67]
DPPH scavenging activity; total
Vanilla acid, . antioxidant activity; spectrum .
. . CSs TLC, UV-vis, FT-IR . . .. . Food preservative [57]
coumarin acid antibacterial activity against an
array of bacteria;
Anthocyanin CS FT-IR, "H NMR, XRD, ]zfaI)\};lAilflTSalclzi};cilro‘X ﬁ;jiﬁal Antioxidant additive; [156]
Y TGA, DSC sImns ty; reducing antimicrobial
power; antibacterial activity
DPPH scavenging activity; Natural food
Catechin (@) UV-vis, FT-IR, 'THNMR excellent emulsifying activity and antioxidant and [131]
superior emulsifying stability emulsifier
UV-vis, FT-IR, '"H NMR,
Catechin Inulin SEM, DSC, TGA, XRD, In vitro anti-diabetic activity Anti-diabetic agent [77]
Helix-coil transition assay
. UV-vis, FT-IR, .. .. Emulsions for
FA Carboxylic curdlan SEC-MALLS, SEM. TGA Antioxidant activity B—carotene delivery [62]
GA cs 'HNMR, FT-IR, Oﬁiﬁ’iﬁ?ﬁiﬁfﬁiﬁ mesenchy rl;(:lle Drugs for 78]
UV-vis, SEM Y osteogenic effects

stem cells (mBMMSCs)
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Table 1. Cont.

Polyphenols Polysaccharides Cha;zzt:}eg(zizhon Biological Activities Applications References
GA CS TGA DPPH radical scavenging ability Ant10x1dfmt a.the [91]
packaging film
Vi IR 1
GA CS LI]\I\g/;,I;sHI;;FZ gl{f\/ﬂl{{ Hypoglycemic activity Anti-diabetic agent [58]
FT-IR, UV-vis, DSC, A functional wall material for .
FA cs XRD, SEM microencapsulation of BSA Drug delivery [104]
Chlorogenic ABTS and DPPH scavenging zrfiszgﬁlev:oﬁff :
8 CS UV-vis, FT-IR, "TH NMR activity; ferric and cupric © coating [90]
acid y P material in
reducing antioxidant power .
peach fruit
CA A post-harvest
Chloro /enic cs UV-vis, FT-IR, XRD, 'H Antioxidant activity; fresh-keeping agent [161]
acig NMR, 3C NMR antimicrobial activity for fruits
and vegetables
GA CS gallate UV-vis, GPC, "HNMR Antlox%da.nt activity; 11.1 vitro Food packagmg [92]
antimicrobial activity materials
s s . Antioxidative drug
Protocatechuic FT-IR, '"H NMR, Antioxidant activity; cytotoxic release; tissue
. CS . and neuroprotective assessment . . [75]
acid XRD, UV-vis on PC12 cells engineering scaffolds
materials
Epigallocatechin UV-vis, FT-IR, XPS, ABTS and DPPH scavengin Antioxidant additive;
P15 CS gallate sing [130]
gallate & DSC, TGA activity; antibacterial activity antibacterial agent
. 'HNMR, FT-IR, ABTS and DPPH scavenging Antioxidant additive;
GA Chitin-glucan XRD, SEM activity; antibacterial activity antibacterial agent %3]
CA CS TLC, UV-vis, FT-IR [54]
DPPH a.nd hydrqgen perox%de Drugs in the
scavenging capacity; Reducing treatment of diseases
GA CS TLC, "TH NMR ower; good cytocompatibilit [59]
P & y P y related to

against RAW264.7

oxidative damage

mouse macrophages

8. Conclusions and Future Perspectives

In this review, a variety of polyphenol-polysaccharide conjugates prepared by the free
radical-mediated method were reviewed. They are demonstrated to have the advantages
of high efficiency, low cost, and greenness. For all types of conjugates, the most researched
properties were enhanced antioxidant and antibacterial activities. Conjugates show poten-
tial in functional foods and drug development. Although an enormous amount of effort
has been paid to the development of polyphenol-polysaccharide conjugates, more attention
should be placed on the major prospective areas of study.

First, at present, the exact reaction mechanism of free radical grafting methods is
controversial, and the evidence is still insufficient. There is also a lack of research on the
synthesis mechanism and kinetics of polyphenol-polysaccharide conjugates, resulting in
a low grafting rate. Further in-depth research is needed. Second, the detailed structural
characteristics of the polyphenol-polysaccharide conjugates, such as the connection position
and distribution mode of polyphenols, are still not yet known, which seriously hinders the
establishment of the structure-activity relationship. In later stages, the conformation of
the conjugates could be more intuitively explained through techniques such as 2D NMR.
Third, most activity evaluations of the conjugates have been conducted in vitro, and more
work should focus on in vivo biology. Last, the free radical grafting method is now widely
applied to grafting modification of CS or functionalized CS, and it should be extended to
other polysaccharides.

Funding: This research was funded by the earmarked fund for CARS-10-Sweetpotato (CARS-10) and
Jiangsu Province Agricultural Science and Technology Independent Innovation Fund (CX (22)2012).
Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest



Foods 2023, 12, 3688 16 of 22

References

1. Igbal, I; Wilairatana, P,; Saqib, F.; Nasir, B.; Wahid, M.; Latif, M.E,; Igbal, A.; Naz, R.; Mubarak, M.S. Plant Polyphenols and Their
Potential Benefits on Cardiovascular Health: A Review. Molecules 2023, 28, 6403. [CrossRef] [PubMed]

2. Meng, T; Xiao, D.; Muhammed, A.; Deng, J.; Chen, L.; He, J. Anti-Inflammatory Action and Mechanisms of Resveratrol. Molecules
2021, 26, 229. [CrossRef] [PubMed]

3. Rudrapal, M.; Khairnar, S.J.; Khan, J.; Dukhyil, A.B.; Ansari, M.A.; Alomary, M.N.; Alshabrmi, EM.; Palai, S.; Deb, PK.; Devi, R.
Dietary Polyphenols and Their Role in Oxidative Stress-Induced Human Diseases: Insights into Protective Effects, Antioxidant
Potentials and Mechanism(s) of Action. Front. Pharmacol. 2022, 14, 806470. [CrossRef] [PubMed]

4. Ziotkiewicz, A.; Kasprzak-Drozd, K.; Rusinek, R.; Markut-Miotla, E.; Oniszczuk, A. The Influence of Polyphenols on Atheroscle-
rosis Development. Int. . Mol. Sci. 2023, 24, 7146. [CrossRef]

5. Yang, S.; Wang, C.; Li, X.; Wu, C.; Liu, C.; Xue, Z.; Kou, X. Investigation on the biological activity of anthocyanins and polyphenols
in blueberry. J. Food Sci. 2021, 86, 614-627. [CrossRef]

6. Vergara, L.P.; Hackbart, H.C.D.; Alves, CJ.; Reissig, G.N.; Wachholz, B.S.; Borges, C.D.; Chim, ].F.; Zambiazi, R.C. Encapsulation
of phenolic compounds through the complex coacervation technique for the enrichment of diet chewable candies. Food Biosc.
2023, 51, 102256. [CrossRef]

7. Xie, J.H,; Jin, M.L.; Morris, G.A.; Zha, X.Q.; Chen, H.Q.; Yi, Y.; Li, ].E.; Wang, Z.].; Gao, J.; Nie, S.P; et al. Advances on Bioactive
Polysaccharides from Medicinal Plants. Crit. Rev. Food Sci. Nutr. 2016, 56, S60-S84. [CrossRef]

8. Yi, Y;Xu, W,; Wang, HX,; Huang, F.; Wang, L.M. Natural polysaccharides experience physiochemical and functional changes
during preparation: A review. Carbohydr. Polym. 2020, 234, 115896. [CrossRef]

9.  Cheng, H.; Huang, G. Extraction, characterisation and antioxidant activity of Allium sativum polysaccharide. Int. ]. Biol. Macromol.
2018, 114, 415-419. [CrossRef]

10. Huang, H.; Huang, G. Extraction, separation, modification, structural characterization, and antioxidant activity of plant polysac-
charides. Chem. Biol. Drug Des. 2020, 96, 1209-1222. [CrossRef]

11.  Zhong, Q.; Wei, B.; Wang, S.; Ke, S.; Chen, J.; Zhang, H.; Wang, H. The Antioxidant Activity of Polysaccharides Derived from
Marine Organisms: An Overview. Mar. Drugs 2019, 17, 674. [CrossRef]

12.  Chen, F; Huang, G.; Huang, H. Preparation, analysis, antioxidant activities in vivo of phosphorylated polysaccharide from
Momordica charantia. Carbohydr. Polym. 2021, 252, 117179. [CrossRef]

13. Li, W;Hu, X,; Wang, S,; Jiao, Z.; Sun, T.; Liu, T,; Song, K. Characterization and anti-tumor bioactivity of astragalus polysaccharides
by immunomodulation. Int. J. Biol. Macromol. 2020, 145, 985-997. [CrossRef]

14. Peng, X.; Hu, X,; Zhang, Y.; Xu, H.; Tang, ].; Zhang, G.; Deng, J.; Kan, H.; Zhao, P; Liu, Y. Extraction, characterization, antioxidant
and anti-tumor activities of polysaccharides from Camellia fascicularis leaves. Int. J. Biol. Macromol. 2022, 222, 373-384. [CrossRef]

15. Duan, WX,; Yang, X.H.; Zhang, H.F; Feng, ].; Zhang, M.Y. Chemical Structure, Hypoglycemic Activity, and Mechanism of Action
of Selenium Polysaccharides. Biol. Trace Elem. Res. 2022, 200, 4404-4418. [CrossRef]

16. Yang, B.; Luo, Y,; Sang, Y.; Kan, J. Isolation, purification, structural characterization, and hypoglycemic activity assessment of
polysaccharides from Hovenia dulcis (Guai Zao). Int. J. Biol. Macromol. 2022, 208, 1106-1115. [CrossRef]

17. Li, C.X,; Liu, Y,; Zhang, Y.Z.; Li, ].C,; Lai, . Astragalus polysaccharide: A review of its immunomodulatory effect. Arch. Pharm.
Res. 2022, 45, 367-389. [CrossRef]

18. Venter, C.; Meyer, RW.; Greenhawt, M.; Pali-Scholl, I.; Nwaru, B.; Roduit, C.; Untersmayr, E.; Adel-Patient, K.; Agache, I;
Agostoni, C.; et al. Role of dietary fiber in promoting immune health—An EAACI position paper. Allergy 2022, 77, 3185-3198.
[CrossRef]

19. Silva, LM.V.; Machado, F.; Moreno, M.].; Nunes, C.; Coimbra, M.A.; Coreta-Gomes, F. Polysaccharide Structures and Their
Hypocholesterolemic Potential. Molecules 2021, 26, 4559. [CrossRef]

20. Wu, Q.; Wang, Q.; Fu, J.; Ren, R. Polysaccharides derived from natural sources regulate triglyceride and cholesterol metabolism:
A review of the mechanisms. Food Funct. 2019, 10, 2330-2339. [CrossRef]

21. Li, Y; Wang, R; Bai, H.; Yang, J. Polysaccharides: A Carrier for Gene Therapy. Curr. Drug. Deliv. 2022, 20, 31-40.

22. Pantak, P.; Czechowska, J.P,; Cichon, E.; Zima, A. Novel Double Hybrid-Type Bone Cements Based on Calcium Phosphates,
Chitosan and Citrus Pectin. Int. . Mol. Sci. 2023, 24, 13455. [CrossRef]

23. Li, X; Wang, Y,; Feng, C.; Chen, H.; Gao, Y. Chemical Modification of Chitosan for Developing Cancer Nanotheranostics.
Biomacromolecules 2022, 23, 2197-2218. [CrossRef]

24. Shen, B.; Sun, SM.; Zhu, L.Y,; Yu, ].G; Jiang, L. Intelligent Bio-FeS-loaded chitosan films with H,O, rapid response for advanced
waterproof and antibacterial food packaging. Food Packag. Shelf. 2023, 37, 101083.

25. Guo, Q.; Xiao, X; Lu, L.; Ai, L.; Xu, M,; Liu, Y.; Goff, H.D. Polyphenol-Polysaccharide Complex: Preparation, Characterization,
and Potential Utilization in Food and Health. Annu. Rev. Food Sci. Technol. 2022, 13, 59-87. [CrossRef]

26. Awika, ].M.; Rose, D.J.; Simsek, S. Complementary effects of cereal and pulse polyphenols and dietary fiber on chronic inflamma-
tion and gut health. Food Funct. 2018, 9, 1389-1409. [CrossRef]

27. Gao, R; Wang, Y,; Wu, Z,; Ming, J.; Zhao, G. Interaction of barley 3-glucan and tea polyphenols on glucose metabolism in
streptozotocin-induced diabetic rats. J. Food Sci. 2012, 77, H128-H134. [CrossRef]

28. Koh,J.; Xu, Z.M.; Wicker, L. Binding kinetics of blueberry pectin-anthocyanins and stabilization by non-covalent interactions.

Food Hydrocolloid. 2020, 99, 105354. [CrossRef]


https://doi.org/10.3390/molecules28176403
https://www.ncbi.nlm.nih.gov/pubmed/37687232
https://doi.org/10.3390/molecules26010229
https://www.ncbi.nlm.nih.gov/pubmed/33466247
https://doi.org/10.3389/fphar.2022.806470
https://www.ncbi.nlm.nih.gov/pubmed/35237163
https://doi.org/10.3390/ijms24087146
https://doi.org/10.1111/1750-3841.15598
https://doi.org/10.1016/j.fbio.2022.102256
https://doi.org/10.1080/10408398.2015.1069255
https://doi.org/10.1016/j.carbpol.2020.115896
https://doi.org/10.1016/j.ijbiomac.2018.03.156
https://doi.org/10.1111/cbdd.13794
https://doi.org/10.3390/md17120674
https://doi.org/10.1016/j.carbpol.2020.117179
https://doi.org/10.1016/j.ijbiomac.2019.09.189
https://doi.org/10.1016/j.ijbiomac.2022.09.176
https://doi.org/10.1007/s12011-021-03035-z
https://doi.org/10.1016/j.ijbiomac.2022.03.211
https://doi.org/10.1007/s12272-022-01393-3
https://doi.org/10.1111/all.15430
https://doi.org/10.3390/molecules26154559
https://doi.org/10.1039/C8FO02375A
https://doi.org/10.3390/ijms241713455
https://doi.org/10.1021/acs.biomac.2c00184
https://doi.org/10.1146/annurev-food-052720-010354
https://doi.org/10.1039/C7FO02011B
https://doi.org/10.1111/j.1750-3841.2012.02688.x
https://doi.org/10.1016/j.foodhyd.2019.105354

Foods 2023, 12, 3688 17 of 22

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Fernandes, A.; Brandao, E.; Raposo, F; Maricato, E.; Oliveira, J.; Mateus, N.; Coimbra, M.A.; de Freitas, V. Impact of grape pectic
polysaccharides on anthocyanins thermostability. Carbohydr. Polym. 2020, 239, 116240. [CrossRef]

Naumann, S.; Haller, D.; Eisner, P.; Schweiggert-Weisz, U. Mechanisms of Interactions between Bile Acids and Plant Compounds-A
Review. Int. . Mol. Sci. 2020, 21, 6495. [CrossRef]

Lin, Z.; Fischer, J.; Wicker, L. Intermolecular binding of blueberry pectin-rich fractions and anthocyanin. Food Chem. 2016, 94,
986-993. [CrossRef]

Fernandes, A.; Bras, N.F,; Mateus, N.; de Freitas, V. Understanding the molecular mechanism of anthocyanin binding to pectin.
Langmuir 2014, 30, 8516-8527. [CrossRef]

Koh, J.; Xu, Z.; Wicker, L. Blueberry pectin and increased anthocyanins stability under in vitro digestion. Food Chem. 2020,
302, 125343. [CrossRef]

Tsirigotis-Maniecka, M.; Pawlaczyk-Graja, 1.; Ziewiecki, R.; Balicki, S.; Matulova, M.; Capek, P.; Czechowski, F; Gancarz, R.
The polyphenolic-polysaccharide complex of Agrimonia eupatoria L. as an indirect thrombin inhibitor—Isolation and chemical
characterization. Int. J. Biol. Macromol. 2019, 125, 124-132. [CrossRef]

Holland, C.; Ryden, P; Edwards, C.H.; Grundy, M.M. Plant Cell Walls: Impact on Nutrient Bioaccessibility and Digestibility.
Foods 2020, 9, 201. [CrossRef]

Pawlaczyk-Graja, I. Polyphenolic-polysaccharide conjugates from flowers and fruits of single-seeded hawthorn (Crataegus
monogyna Jacq.): Chemical profiles and mechanisms of anticoagulant activity. Int. |. Biol. Macromol. 2018, 16, 869-879. [CrossRef]
Zbikowska, H.M.; Szejk, M.; Saluk, J.; Pawlaczyk-Graja, I.; Gancarz, R.; Olejnik, A K. Polyphenolic-polysaccharide conjugates
from plants of Rosaceae/Asteraceae family as potential radioprotectors. Int. J. Biol. Macromol. 2016, 86, 329-337. [CrossRef]

Liu, J.; Yong, H; Liu, Y.; Bai, R. Recent advances in the preparation, structural characteristics, biological properties and applications
of gallic acid grafted polysaccharides. Int. ]. Biol. Macromol. 2020, 156, 1539-1555. [CrossRef]

Liu, J.; Wang, X.; Yong, H.; Kan, J.; Jin, C. Recent advances in flavonoid-grafted polysaccharides: Synthesis, structural characteri-
zation, bioactivities and potential applications. Int. J. Biol. Macromol. 2018, 116, 1011-1025. [CrossRef]

Zhang, M.; Huang, C.; Xie, J.; Shao, Z.; Li, X,; Bian, X.; Xue, B.; Gan, J.; Sun, T. Physical, Mechanical and Biological Properties of
Phenolic Acid-Grafted Soluble Soybean Polysaccharide Films. Foods 2022, 11, 3747. [CrossRef]

Xu, C; Guan, S.; Xu, J.; Gong, W.; Liu, T.; Ma, X.; Sun, C. Preparation, characterization and antioxidant activity of protocatechuic
acid grafted carboxymethyl chitosan and its hydrogel. Carbohydr. Polym. 2021, 252, 117210. [CrossRef]

Yang, K.; Dang, H.; Liu, L.; Hu, X,; Li, X.; Ma, Z.; Wang, X.; Ren, T. Effect of syringic acid incorporation on the physical, mechanical,
structural and antibacterial properties of chitosan film for quail eggs preservation. Int. J. Biol. Macromol. 2019, 141, 876-884.
[CrossRef]

Jiang, Z.; Wang, J.; Xiang, D.; Zhang, Z. Functional Properties and Preservative Effect of P-Hydroxybenzoic Acid Grafted Chitosan
Films on Fresh-Cut Jackfruit. Foods 2022, 11, 1360. [CrossRef]

Panda, PK,; Yang, ].M.; Chang, Y.H.; Su, W.W. Modification of different molecular weights of chitosan by p-Coumaric acid:
Preparation, characterization and effect of molecular weight on its water solubility and antioxidant property. Int. J. Biol. Macromol.
2019, 136, 661-667. [CrossRef]

Wang, Y.; Xie, M.; Ma, G.; Fang, Y.; Yang, W.; Ma, N.; Fang, D.; Hu, Q.; Pei, F. The antioxidant and antimicrobial activities of
different phenolic acids grafted onto chitosan. Carbohydr. Polym. 2019, 225, 115238. [CrossRef]

Rui, L.; Xie, M.; Hu, B.; Zhou, L.; Saeeduddin, M.; Zeng, X. Enhanced solubility and antioxidant activity of chlorogenic acid-
chitosan conjugates due to the conjugation of chitosan with chlorogenic acid. Carbohydr. Polym. 2017, 170, 206-216. [CrossRef]
Bozi¢, M.; Gorgieva, S.; Kokol, V. Laccase-mediated functionalization of chitosan by caffeic and gallic acids for modulating
antioxidant and antimicrobial properties. Carbohyd. Polym. 2012, 87, 2388-2398.

Vuillemin, M.E.; Michaux, F.; Adam, A.A.; Linder, M.; Muniglia, L.; Jasniewski, ]J. Physicochemical characterizations of gum
arabic modified with oxidation products of ferulic acid. Food. Hydrocoll. 2020, 107, 105946. [CrossRef]

Vittorio, O.; Cojoc, M.; Curcio, M.; Spizzirri, U.G.; Hampel, S.; Nicoletta, F.P.; lemma, F.; Dubrovska, A.; Kavallaris, M.; Cirillo, G.
Polyphenol Conjugates by Immobilized Laccase: The Green Synthesis of Dextran—Catechin. Macromol Chem. Phys. 2016, 217,
1488-1492. [CrossRef]

Cai, W.D.; Zhu, J.; Wu, L.X,; Qiao, Z.R.; Li, L.; Yan, ].K. Preparation, characterization, rheological and antioxidant properties of
ferulic acid-grafted curdlan conjugates. Food Chem. 2019, 300, 125221. [CrossRef]

Wang, C.; Cai, W.D.; Yao, J.; Wu, LX,; Li, L.; Zhu, ].; Yan, J.K. Conjugation of ferulic acid onto pectin affected the physicochemical,
functional and antioxidant properties. J. Sci. Food Agric. 2020, 100, 5352-5362. [CrossRef] [PubMed]

Liu, J.; Meng, C.G,; Yan, Y.H.; Shan, Y.N.; Kan, J.; Jin, C.H. Structure, physical property and antioxidant activity of catechin grafted
Tremella fuciformis polysaccharide. Int. J. Biol. Macromol. 2016, 82, 719-724. [CrossRef]

Liu, J; Lu, J.E; Kan, J.; Tang, Y.Q.; Jin, C.H. Preparation, characterization and antioxidant activity of phenolic acids grafted
carboxymethyl chitosan. Int. |. Biol. Macromol. 2013, 62, 85-93. [CrossRef] [PubMed]

Curcio, M.; Puoci, F; lemma, F.; Parisi, O.L; Cirillo, G.; Spizzirri, U.G.; Picci, N. Covalent insertion of antioxidant molecules on
chitosan by a free radical grafting procedure. J. Agric. Food Chem. 2009, 57, 5933-5938. [CrossRef] [PubMed]

Dobson, C.C.; Mottawea, W.; Rodrigue, A.; Buzati Pereira, B.L.; Hammami, R.; Power, K.A.; Bordenave, N. Impact of molecular
interactions with phenolic compounds on food polysaccharides functionality. Adv. Food Nutr. Res. 2019, 90, 135-181.


https://doi.org/10.1016/j.carbpol.2020.116240
https://doi.org/10.3390/ijms21186495
https://doi.org/10.1016/j.foodchem.2015.08.113
https://doi.org/10.1021/la501879w
https://doi.org/10.1016/j.foodchem.2019.125343
https://doi.org/10.1016/j.ijbiomac.2018.12.017
https://doi.org/10.3390/foods9020201
https://doi.org/10.1016/j.ijbiomac.2018.05.101
https://doi.org/10.1016/j.ijbiomac.2016.01.090
https://doi.org/10.1016/j.ijbiomac.2019.11.202
https://doi.org/10.1016/j.ijbiomac.2018.05.149
https://doi.org/10.3390/foods11223747
https://doi.org/10.1016/j.carbpol.2020.117210
https://doi.org/10.1016/j.ijbiomac.2019.08.045
https://doi.org/10.3390/foods11091360
https://doi.org/10.1016/j.ijbiomac.2019.06.082
https://doi.org/10.1016/j.carbpol.2019.115238
https://doi.org/10.1016/j.carbpol.2017.04.076
https://doi.org/10.1016/j.foodhyd.2020.105919
https://doi.org/10.1002/macp.201600046
https://doi.org/10.1016/j.foodchem.2019.125221
https://doi.org/10.1002/jsfa.10583
https://www.ncbi.nlm.nih.gov/pubmed/32542712
https://doi.org/10.1016/j.ijbiomac.2015.11.027
https://doi.org/10.1016/j.ijbiomac.2013.08.040
https://www.ncbi.nlm.nih.gov/pubmed/23994782
https://doi.org/10.1021/jf900778u
https://www.ncbi.nlm.nih.gov/pubmed/19566085

Foods 2023, 12, 3688 18 of 22

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Liu, J.; Pu, H,; Liu, S;; Kan, J.; Jin, C. Synthesis, characterization, bioactivity and potential application of phenolic acid grafted
chitosan: A review. Carbohydr. Polym. 2017, 174, 999-1017. [CrossRef]

Liu, J.; Pu, H.; Chen, C,; Liu, Y.; Bai, R.; Kan, J.; Jin, C. Reaction Mechanisms and Structural and Physicochemical Properties of
Caffeic Acid Grafted Chitosan Synthesized in Ascorbic Acid and Hydroxyl Peroxide Redox System. J. Agric. Food Chem. 2018, 66,
279-289. [CrossRef]

Li, C,; Li, ].B. Preparation of chitosan-ferulic acid conjugate: Structure characterization and in the application of pharmaceuticals.
Int. J. Biol. Macromol. 2017, 105, 1539-1543. [CrossRef]

Klimek-Turek, A.; Sikora, E.; Dzido, T.H. Solvent Front Position Extraction procedure with thin-layer chromatography as a mode
of multicomponent sample preparation for quantitative analysis by instrumental technique. J. Chromatogr. A. 2017, 1530, 204-210.
[CrossRef]

Bai, R.; Yong, H.; Zhang, X; Liu, J.; Liu, J. Structural characterization and protective effect of gallic acid grafted O-carboxymethyl
chitosan against hydrogen peroxide-induced oxidative damage. Int. J. Biol. Macromol. 2020, 143, 49-59. [CrossRef]

Chatterjee, N.S.; Panda, S.K.; Navitha, M.; Asha, K.K.; Anandan, R.; Mathew, S. Vanillic acid and coumaric acid grafted chitosan
derivatives: Improved grafting ratio and potential application in functional food. J. Food Sci. Technol. 2015, 52, 7153-7162.
[CrossRef]

Cho, Y.; Kim, S.; Ahn, C.; Je, ]. Preparation, characterization, and antioxidant properties of gallic acid-grafted—chitosans. Carbohyd.
Polym. 2011, 83, 1617-1622. [CrossRef]

Sherma, J. Planar Chromatography. Anal. Chem. 2008, 80, 4253—-4267. [CrossRef] [PubMed]

Zeng, X.; Du, Z.; Ding, X.; Zhao, Y.; Jiang, W. Preparation, characterization and in vitro hypoglycemic activity of banana
condensed tannin-inulin conjugate. Food Funct. 2020, 11, 7973-7986. [CrossRef] [PubMed]

Wang, Z.W.; Zhang, Z.H.; Qiao, Z.R.; Cai, W.D.; Yan, ].K. Construction and characterization of antioxidative ferulic acid-grafted
carboxylic curdlan conjugates and their contributions on -carotene storage stability. Food Chem. 2021, 349, 129166. [CrossRef]
[PubMed]

Liu, J.; Wen, X.Y,; Lu, ].E; Kan, J.; Jin, C.H. Free radical mediated grafting of chitosan with caffeic and ferulic acids: Structures and
antioxidant activity. Int. J. Biol. Macromol. 2014, 65, 97-106. [CrossRef]

Hu, Q.; Wang, T.; Zhou, M.; Xue, J.; Luo, Y. In Vitro Antioxidant-Activity Evaluation of Gallic-Acid-Grafted Chitosan Conjugate
Synthesized by Free-Radical-Induced Grafting Method. J. Agric. Food Chem. 2016, 64, 5893-5900. [CrossRef]

Zeng, X.; Du, Z.; Sheng, Z.; Jiang, W. Characterization of the interactions between banana condensed tannins and biologically
important metal ions (Cu%*, Zn2* and FeZ*). Food Res. Int. 2019, 123, 518-528. [CrossRef]

Guo, Q.; Xiao, X,; Li, C.; Kang, J.; Liu, G.; Goff, H.D.; Wang, C. Catechin-grafted arabinoxylan conjugate: Preparation, structural
characterization and property investigation. Int. J. Biol. Macromol. 2021, 182, 796-805. [CrossRef]

Liu, J.; Lu, J.E; Kan, J.; Jin, C.H. Synthesis of chitosan-gallic acid conjugate: Structure characterization and in vitro anti-diabetic
potential. Int. ]. Biol. Macromol. 2013, 62, 321-329. [CrossRef]

Zhou, S.; Huang, G.; Chen, G. Extraction, structural analysis, derivatization and antioxidant activity of polysaccharide from
Chinese yam. Food Chem. 2021, 361, 130089. [CrossRef] [PubMed]

Xia, Y.G,; Liang, J.; Yang, B.Y.; Wang, Q.H.; Kuang, H.X. Structural studies of an arabinan from the stems of Ephedra sinica by
methylation analysis and 1D and 2D NMR spectroscopy. Carbohydr. Polym. 2015, 121, 449-456. [CrossRef] [PubMed]

Shi, X.D,; Li, O.Y;; Yin, J.Y,; Nie, S.P. Structure identification of x-glucans from Dictyophora echinovolvata by methylation and
1D /2D NMR spectroscopy. Food Chem. 2019, 271, 338-344. [CrossRef] [PubMed]

Kuwajima, K.; Yagi-Utsumi, M.; Yanaka, S.; Kato, K. DMSO-Quenched H/D-Exchange 2D NMR Spectroscopy and Its Applications
in Protein Science. Molecules 2022, 27, 3748. [CrossRef] [PubMed]

Benabderrahmane, W.; Lores, M.; Benaissa, O.; Lamas, J.P.; de Miguel, T.; Amrani, A.; Benayache, E; Benayache, S. Polyphenolic
content and bioactivities of Crataegus oxyacantha L. (Rosaceae). Nat. Prod. Res. 2021, 35, 627-632. [CrossRef]

Peng, Y.; Gao, Y.; Zhang, X.; Zhang, C.; Wang, X.; Zhang, H.; Wang, Z; Liu, Y.; Zhang, H. Antidiabetic and hepatoprotective
activity of the roots of Calanthe fimbriata Franch. Biomed. Pharmacother. 2019, 111, 60-67. [CrossRef]

Bunaciu, A.A.; Udristioiu, E.G.; Aboul-Enein, H.Y. X-ray diffraction: Instrumentation and applications. Crit. Rev. Anal. Chem.
2015, 45, 289-299. [CrossRef]

Xu, C.; Guan, S.; Wang, B.; Wang, S.; Wang, Y.; Sun, C.; Ma, X.; Liu, T. Synthesis of protocatechuic acid grafted chitosan copolymer:
Structure characterization and in vitro neuroprotective potential. Int. |. Biol. Macromol. 2018, 109, 1-11. [CrossRef]

Zhu, W.; Zhang, Z. Preparation and characterization of catechin-grafted chitosan with antioxidant and antidiabetic potential. Int.
J. Biol. Macromol. 2014, 70, 150-155. [CrossRef]

Liu, J.; Lu, J.E; Kan, J.; Wen, X.Y,; Jin, C.H. Synthesis, characterization and in vitro anti-diabetic activity of catechin grafted inulin.
Int. |. Biol. Macromol. 2014, 64, 76-83. [CrossRef]

Oh, Y.; Ahn, C.B.; Marasinghe, M.P.C.K; Je, ].Y. Insertion of gallic acid onto chitosan promotes the differentiation of osteoblasts
from murine bone marrow-derived mesenchymal stem cells. Int. J. Biol. Macromol. 2021, 183, 1410-1418. [CrossRef] [PubMed]
Karaki, N.; Aljawish, A.; Muniglia, L.; Humeau, C.; Jasniewski, J. Physicochemical characterization of pectin grafted with
exogenous phenols. Food Hydrocolloid. 2016, 60, 486—493. [CrossRef]

Lin, RH.; Li, H; Long, H.; Su, J.T.; Huang, W.Q. Structure and characteristics of lipase—catalyzed rosin acid starch. Food
Hydrocolloid. 2015, 43, 352-359. [CrossRef]


https://doi.org/10.1016/j.carbpol.2017.07.014
https://doi.org/10.1021/acs.jafc.7b05135
https://doi.org/10.1016/j.ijbiomac.2017.04.103
https://doi.org/10.1016/j.chroma.2017.11.042
https://doi.org/10.1016/j.ijbiomac.2019.12.037
https://doi.org/10.1007/s13197-015-1874-4
https://doi.org/10.1016/j.carbpol.2010.10.019
https://doi.org/10.1021/ac7023415
https://www.ncbi.nlm.nih.gov/pubmed/18484743
https://doi.org/10.1039/D0FO01652G
https://www.ncbi.nlm.nih.gov/pubmed/32839802
https://doi.org/10.1016/j.foodchem.2021.129166
https://www.ncbi.nlm.nih.gov/pubmed/33550019
https://doi.org/10.1016/j.ijbiomac.2014.01.021
https://doi.org/10.1021/acs.jafc.6b02255
https://doi.org/10.1016/j.foodres.2019.04.064
https://doi.org/10.1016/j.ijbiomac.2021.03.190
https://doi.org/10.1016/j.ijbiomac.2013.09.032
https://doi.org/10.1016/j.foodchem.2021.130089
https://www.ncbi.nlm.nih.gov/pubmed/34029907
https://doi.org/10.1016/j.carbpol.2014.12.058
https://www.ncbi.nlm.nih.gov/pubmed/25659720
https://doi.org/10.1016/j.foodchem.2018.07.160
https://www.ncbi.nlm.nih.gov/pubmed/30236685
https://doi.org/10.3390/molecules27123748
https://www.ncbi.nlm.nih.gov/pubmed/35744871
https://doi.org/10.1080/14786419.2019.1582044
https://doi.org/10.1016/j.biopha.2018.12.066
https://doi.org/10.1080/10408347.2014.949616
https://doi.org/10.1016/j.ijbiomac.2017.12.019
https://doi.org/10.1016/j.ijbiomac.2014.06.047
https://doi.org/10.1016/j.ijbiomac.2013.11.028
https://doi.org/10.1016/j.ijbiomac.2021.05.122
https://www.ncbi.nlm.nih.gov/pubmed/34022306
https://doi.org/10.1016/j.foodhyd.2016.04.004
https://doi.org/10.1016/j.foodhyd.2014.06.008

Foods 2023, 12, 3688 19 of 22

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Masamoto, Y.; Ando, H.; Murata, Y.; Shimoishi, Y.; Tada, M.; Takahata, K. Mushroom tyrosinase inhibitory activity of esculetin
isolated from seeds of Euphorbia lathyris L. Biosci. Biotechnol. Biochem. 2003, 67, 631-634. [CrossRef]

Govea-Salas, M.; Rivas-Estilla, A.M.; Rodriguez-Herrera, R.; Lozano-Sepulveda, S.A.; Aguilar-Gonzalez, C.N.; Zugasti-Cruz, A,;
Salas-Villalobos, T.B.; Morlett-Chdvez, ].A. Gallic acid decreases hepatitis C virus expression through its antioxidant capacity. Exp.
Ther. Med. 2016, 11, 619-624. [CrossRef]

Tuli, H.S.; Mistry, H.; Kaur, G.; Aggarwal, D.; Garg, V.K.; Mittal, S.; Yerer, M.B.; Sak, K.; Khan, M.A. Gallic Acid: A Dietary
Polyphenol that Exhibits Anti-neoplastic Activities by Modulating Multiple Oncogenic Targets. Anticancer Agents Med. Chem.
2022, 22, 499-514. [CrossRef] [PubMed]

Gan, RY,; Li, H.B,; Sui, Z.Q.; Corke, H. Absorption, metabolism, anti-cancer effect and molecular targets of epigallocatechin
gallate (EGCG): An updated review. Crit. Rev. Food Sci. Nutr. 2018, 58, 924-941. [CrossRef]

Yang, K.; Zhang, L.; Liao, P; Xiao, Z.; Zhang, F; Sindaye, D.; Xin, Z.; Tan, C.; Deng, J.; Yin, Y.; et al. Impact of Gallic Acid on Gut
Health: Focus on the Gut Microbiome, Immune Response, and Mechanisms of Action. Front Immunol. 2020, 11, 580208. [CrossRef]
Baraskar, K.; Thakur, P; Shrivastava, R.; Shrivastava, V.K. Therapeutic Role of Phytophenol Gallic Acid for the Cure of COVID-19
Pathogenesis. Endocr. Metab. Immune Disord Drug Targets 2023, 23, 464—469. [CrossRef]

Wianowska, D.; Olszowy-Tomczyk, M. A Concise Profile of Gallic Acid-From Its Natural Sources through Biological Properties
and Chemical Methods of Determination. Molecules 2023, 28, 1186. [CrossRef]

Alkadi, H. A Review on Free Radicals and Antioxidants. Infect. Disord Drug Targets 2020, 20, 16-26.

Jones, D.P. Radical-free biology of oxidative stress. Am. J. Physiol. Cell Physiol. 2008, 295, C849-C868. [CrossRef] [PubMed]

Jiao, W.X; Shu, C; Li, X.X;; Cao, J.K,; Fan, X.G.; Jiang, W.B. Preparation of a chitosan—chlorogenic acid conjugate and its
application as edible coating in postharvest preservation of peach fruit. Postharvest Biol. Technol. 2019, 154, 129-136. [CrossRef]
Zhang, X; Liu, J.; Qian, C.L.; Kan, J.; Jin, C.H. Effect of grafting method on the physical property and antioxidant potential of
chitosan film functionalized with gallic acid. Food Hydrocolloid. 2019, 89, 1-10. [CrossRef]

Wu, C; Tian, J.; Li, S;; Wu, T.; Hu, Y,; Chen, S.; Sugawara, T.; Ye, X. Structural properties of films and rheology of film-forming
solutions of chitosan gallate for food packaging. Carbohydr. Polym. 2016, 146, 10-19. [CrossRef] [PubMed]

Singh, A.; Dutta, PX.; Kumar, H.; Kureel, A.K; Rai, A K. Improved antibacterial and antioxidant activities of gallic acid grafted
chitin—glucan complex. J. Polym. Res. 2019, 234, 26. [CrossRef]

Li, D.; Rui, Y.X,; Guo, S.D.; Luan, F; Liu, R.; Zeng, N. Ferulic acid: A review of its pharmacology, pharmacokinetics and derivatives.
Life Sci. 2021, 284, 119921. [CrossRef]

Bento-Silva, A.; Vaz Patto, M.C.; do Rosario Bronze, M. Relevance, structure and analysis of ferulic acid in maize cell walls. Food
Chem. 2018, 246, 360-378. [CrossRef]

Sova, M.; Saso, L. Natural Sources, Pharmacokinetics, Biological Activities and Health Benefits of Hydroxycinnamic Acids and
Their Metabolites. Nutrients 2020, 12, 2190. [CrossRef]

Angiolella, L.; Sacchetti, G.; Efferth, T. Antimicrobial and Antioxidant Activities of Natural Compounds. Evid. Based Complement
Alternat. Med. 2018, 2018, 945179. [CrossRef]

Kraus, C.; Castrén, E.; Kasper, S.; Lanzenberger, R. Serotonin and neuroplasticity—Links between molecular, functional and
structural pathophysiology in depression. Neurosci. Biobehav. Rev. 2017, 77, 317-326. [CrossRef]

Sgarbossa, A.; Giacomazza, D.; di Carlo, M. Ferulic Acid: A Hope for Alzheimer’s Disease Therapy from Plants. Nutrients 2015, 7,
5764-5782. [CrossRef] [PubMed]

Chaudhary, A.; Jaswal, V.S.; Choudhary, S.; Sonika; Sharma, A.; Beniwal, V.; Tuli, H.S.; Sharma, S. Ferulic Acid: A Promising
Therapeutic Phytochemical and Recent Patents Advances. Recent Pat. Inflamm. Allergy Drug. Discov. 2019, 13, 115-123. [CrossRef]
[PubMed]

Xie, K,; Jin, B.; Zhu, H.; Zhou, P; Du, L.; Jin, X. Ferulic acid (FA) protects human retinal pigment epithelial cells from H,O,-induced
oxidative injuries. J. Cell. Mol. Med. 2020, 24, 13454-13462. [CrossRef] [PubMed]

Zdunska, K.; Dana, A.; Kolodziejczak, A.; Rotsztejn, H. Antioxidant Properties of Ferulic Acid and Its Possible Application. Skin.
Pharmacol. Phys. 2018, 31, 332-336. [CrossRef] [PubMed]

Dulong, V.; Hadrich, A.; Picton, L.; Le Cerf, D. Enzymatic cross-linking of carboxymethylpullulan grafted with ferulic acid.
Carbohydr. Polym. 2016, 151, 78-87. [CrossRef]

Johnson, E.M.; Lee, H.; Jayabalan, R.; Suh, ].W. Ferulic acid grafted self-assembled fructo-oligosaccharide micro particle for
targeted delivery to colon. Carbohydr. Polym. 2020, 247, 116550. [CrossRef]

Qamar, Z.; Qizilbash, FF,; Iqubal, M.K,; Ali, A.; Narang, ] K.; Ali, J.; Baboota, S. Nano-Based Drug Delivery System: Recent
Strategies for the Treatment of Ocular Disease and Future Perspective. Recent Pat. Drug Deliv. Formul. 2019, 13, 246-254.
[CrossRef]

Matalqgah, S.M.; Aiedeh, K.; Mhaidat, N.M.; Alzoubi, K.H.; Bustanji, Y.; Hamad, I. Chitosan Nanoparticles as a Novel Drug
Delivery System: A Review Article. Curr. Drug Targets. 2020, 21, 1613-1624. [CrossRef]

Wang, X.Y.; Zhang, L.; Wei, X.H.; Wang, Q. Molecular dynamics of paclitaxel encapsulated by salicylic acid-grafted chitosan
oligosaccharide aggregates. Biomaterials 2013, 34, 1843-1851. [CrossRef]

Stutz, H.; Bresgen, N.; Eckl, PM. Analytical tools for the analysis of 3-carotene and its degradation products. Free Radic. Res. 2015,
49, 650-680. [CrossRef] [PubMed]


https://doi.org/10.1271/bbb.67.631
https://doi.org/10.3892/etm.2015.2923
https://doi.org/10.2174/1871520621666211119085834
https://www.ncbi.nlm.nih.gov/pubmed/34802408
https://doi.org/10.1080/10408398.2016.1231168
https://doi.org/10.3389/fimmu.2020.580208
https://doi.org/10.2174/1871530322666220829141401
https://doi.org/10.3390/molecules28031186
https://doi.org/10.1152/ajpcell.00283.2008
https://www.ncbi.nlm.nih.gov/pubmed/18684987
https://doi.org/10.1016/j.postharvbio.2019.05.003
https://doi.org/10.1016/j.foodhyd.2018.10.023
https://doi.org/10.1016/j.carbpol.2016.03.027
https://www.ncbi.nlm.nih.gov/pubmed/27112845
https://doi.org/10.1007/s10965-019-1893-3
https://doi.org/10.1016/j.lfs.2021.119921
https://doi.org/10.1016/j.foodchem.2017.11.012
https://doi.org/10.3390/nu12082190
https://doi.org/10.1155/2018/1945179
https://doi.org/10.1016/j.neubiorev.2017.03.007
https://doi.org/10.3390/nu7075246
https://www.ncbi.nlm.nih.gov/pubmed/26184304
https://doi.org/10.2174/1872213X13666190621125048
https://www.ncbi.nlm.nih.gov/pubmed/31223096
https://doi.org/10.1111/jcmm.15970
https://www.ncbi.nlm.nih.gov/pubmed/33079459
https://doi.org/10.1159/000491755
https://www.ncbi.nlm.nih.gov/pubmed/30235459
https://doi.org/10.1016/j.carbpol.2016.05.057
https://doi.org/10.1016/j.carbpol.2020.116550
https://doi.org/10.2174/1872211314666191224115211
https://doi.org/10.2174/1389450121666200711172536
https://doi.org/10.1016/j.biomaterials.2012.11.024
https://doi.org/10.3109/10715762.2015.1022539
https://www.ncbi.nlm.nih.gov/pubmed/25867077

Foods 2023, 12, 3688 20 of 22

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Yi, J.; Li, Y,; Zhong, F; Yokoyama, W. The physicochemical stability and in vitro bioaccessibility of beta—carotene in oil-in-water
sodium caseinate emulsions. Food Hydrocolloid. 2014, 35, 19-27. [CrossRef]

Mehmood, T.; Ahmed, A.; Ahmed, Z. Food-Grade Nanoemulsions for the Effective Delivery of 3-Carotene. Langmuir 2021, 37,
3086-3092. [CrossRef] [PubMed]

Yang, Y.; Guo, Y.; Sun, R.; Wang, X. Self-assembly and 3-carotene loading capacity of hydroxyethyl cellulose-graft-linoleic acid
nanomicelles. Carbohydr. Polym. 2016, 145, 56—-63. [CrossRef]

Yu, Y,; Cai, W.; Wang, Z.; Yan, ]. Emulsifying properties of a ferulic acid—grafted curdlan conjugate and its contribution to the
chemical stability of f—carotene. Food Chem. 2021, 339, 128053. [CrossRef]

Musial, C.; Kuban-Jankowska, A.; Gorska-Ponikowska, M. Beneficial Properties of Green Tea Catechins. Int. J. Mol. Sci. 2020,
21, 1744. [CrossRef]

Li, P; Liu, A.; Liu, C; Qu, Z,; Xiao, W.; Huang, J.; Liu, Z.; Zhang, S. Role and mechanism of catechin in skeletal muscle cell
differentiation. J. Nutr. Biochem. 2019, 74, 108225. [CrossRef]

Baranwal, A.; Aggarwal, P; Rai, A.; Kumar, N. Pharmacological Actions and Underlying Mechanisms of Catechin: A Review.
Mini. Rev. Med. Chem. 2022, 22, 821-833. [CrossRef]

Bernatoniene, J.; Kopustinskiene, D. The Role of Catechins in Cellular Responses to Oxidative Stress. Molecules 2018, 23, 965.
[CrossRef]

Xie, L.W.,; Cai, S.; Zhao, T.S.; Li, M; Tian, Y. Green tea derivative (-)-epigallocatechin-3-gallate (EGCG) confers protection against
ionizing radiation-induced intestinal epithelial cell death both in vitro and in vivo. Free Radic. Biol. Med. 2020, 161, 175-186.
[CrossRef]

Ezzat, H.M.; Elnaggar, Y.S.R.; Abdallah, O.Y. Improved oral bioavailability of the anticancer drug catechin using chitosomes:
Design, in-vitro appraisal and in-vivo studies. Int. J. Pharm. 2019, 565, 488—498. [CrossRef] [PubMed]

Latos-Brozio, M.; Masek, A.; Piotrowska, M. Thermally Stable and Antimicrobial Active Poly(Catechin) Obtained by Reaction
with a Cross-Linking Agent. Biomolecules 2020, 11, 50. [CrossRef] [PubMed]

Ahmad, R.S,; Butt, M.S,; Sultan, M.T.; Mushtaq, Z.; Ahmad, S.; Dewanjee, S.; De Feo, V.; Zia-Ul-Haq, M. Preventive role of green
tea catechins from obesity and related disorders especially hypercholesterolemia and hyperglycemia. J. Transl. Med. 2015, 13, 79.
[CrossRef] [PubMed]

Cicero, A.F.G.; Colletti, A. Polyphenols Effect on Circulating Lipids and Lipoproteins: From Biochemistry to Clinical Evidence.
Curr. Pharm. Des. 2018, 24, 178-190. [CrossRef]

Wang, S.; Moustaid-Moussa, N.; Chen, L.; Mo, H.; Shastri, A.; Su, R.; Bapat, P.; Kwun, I.; Shen, C.L. Novel insights of dietary
polyphenols and obesity. J. Nutr. Biochem. 2014, 25, 1-18. [CrossRef]

Khalatbary, A.R.; Khademi, E. The green tea polyphenolic catechin epigallocatechin gallate and neuroprotection. Nutr. Neurosci.
2020, 23, 281-294. [CrossRef]

Pervin, M.; Unno, K.; Nakagawa, A.; Takahashi, Y.; Iguchi, K.; Yamamoto, H.; Hoshino, M.; Hara, A.; Takagaki, A.; Nanjo, F; et al.
Blood brain barrier permeability of (-)-epigallocatechin gallate, its proliferation-enhancing activity of human neuroblastoma
SH-SY5Y cells, and its preventive effect on age-related cognitive dysfunction in mice. Biochem. Biophys. Rep. 2017, 9, 180-186.
[CrossRef]

Tao, F; Jiang, H.; Chen, W.; Zhang, Y.; Pan, J.; Jiang, J.; Jia, Z. Covalent modification of soy protein isolate by (-)-epigallocatechin-3-
gallate: Effects on structural and emulsifying properties. . Sci. Food Agric. 2018, 98, 5683-5689. [CrossRef]

Liu, J.; Yong, H.; Yao, X.; Hu, H.; Yun, D.; Xiao, L. Recent advances in phenolic-protein conjugates: Synthesis, characterization,
biological activities and potential applications. RSC Adv. 2019, 9, 35825-35840. [CrossRef]

Liu, J.; Meng, C.G; Liu, S.; Kan, J.; Jin, C.H. Preparation and characterization of protocatechuic acid grafted chitosan films with
antioxidant activity. Food Hydrocolloid. 2017, 3, 457-466. [CrossRef]

Cho, Y,; Lee, D.; Kim, Y.; Ahn, C.; Kim, D.; Jung, W.; Je, ]. Protection of hepatic cell damage and antimicrobial evaluation of
chitosan—catechin conjugate. J. Korean Soc. Appl. Biol. Chem. 2013, 56, 701-707. [CrossRef]

Vittorio, O.; Cirillo, G.; Iemma, F,; Di Turi, G.; Jacchetti, E.; Curcio, M.; Barbuti, S.; Funel, N.; Parisi, O.I.; Puoci, F,; et al.
Dextran-catechin conjugate: A potential treatment against the pancreatic ductal adenocarcinoma. Pharm. Res. 2012, 29, 2601-2614.
[CrossRef] [PubMed]

Moreno-Vasquez, M.].; Valenzuela-Buitimea, E.L.; Plascencia-Jatomea, M.; Encinas-Encinas, ].C.; Rodriguez-Félix, F.; Sanchez-
Valdes, S.; Rosas-Burgos, E.C.; Ocafio-Higuera, V.M.; Graciano-Verdugo, A.Z. Functionalization of chitosan by a free radical
reaction: Characterization, antioxidant and antibacterial potential. Carbohydr. Polym. 2017, 155, 117-127. [CrossRef] [PubMed]
Lei, F.; Wang, X.; Liang, C.; Yuan, F; Gao, Y. Preparation and functional evaluation of chitosan-EGCG conjugates. J. Appl. Polym.
Sci. 2014, 131, 39732. [CrossRef]

Wright, J.S.; Johnson, E.R.; DiLabio, G.A. Predicting the Activity of Phenolic Antioxidants: Theoretical Method, Analysis of
Substituent Effects, and Application to Major Families of Antioxidants. J. Am. Chem. Soc. 2001, 123, 1173-1183. [CrossRef]
Leopoldini, M.; Russo, N.; Toscano, M. The molecular basis of working mechanism of natural polyphenolic antioxidants. Food
Chem. 2011, 125, 288-306. [CrossRef]

Leopoldini, M.; Marino, T.; Russo, N.; Toscano, M. Antioxidant Properties of Phenolic Compounds: H-Atom versus Electron
Transfer Mechanism. J. Phys. Chem. A. 2004, 108, 4916-4922. [CrossRef]


https://doi.org/10.1016/j.foodhyd.2013.07.025
https://doi.org/10.1021/acs.langmuir.0c03399
https://www.ncbi.nlm.nih.gov/pubmed/33646002
https://doi.org/10.1016/j.carbpol.2016.03.012
https://doi.org/10.1016/j.foodchem.2020.128053
https://doi.org/10.3390/ijms21051744
https://doi.org/10.1016/j.jnutbio.2019.108225
https://doi.org/10.2174/1389557521666210902162120
https://doi.org/10.3390/molecules23040965
https://doi.org/10.1016/j.freeradbiomed.2020.10.012
https://doi.org/10.1016/j.ijpharm.2019.05.034
https://www.ncbi.nlm.nih.gov/pubmed/31100382
https://doi.org/10.3390/biom11010050
https://www.ncbi.nlm.nih.gov/pubmed/33396558
https://doi.org/10.1186/s12967-015-0436-x
https://www.ncbi.nlm.nih.gov/pubmed/25888764
https://doi.org/10.2174/1381612824666171128110408
https://doi.org/10.1016/j.jnutbio.2013.09.001
https://doi.org/10.1080/1028415X.2018.1500124
https://doi.org/10.1016/j.bbrep.2016.12.012
https://doi.org/10.1002/jsfa.9114
https://doi.org/10.1039/C9RA07808H
https://doi.org/10.1016/j.foodhyd.2016.09.035
https://doi.org/10.1007/s13765-013-3168-8
https://doi.org/10.1007/s11095-012-0790-9
https://www.ncbi.nlm.nih.gov/pubmed/22622510
https://doi.org/10.1016/j.carbpol.2016.08.056
https://www.ncbi.nlm.nih.gov/pubmed/27702495
https://doi.org/10.1002/app.39732
https://doi.org/10.1021/ja002455u
https://doi.org/10.1016/j.foodchem.2010.08.012
https://doi.org/10.1021/jp037247d

Foods 2023, 12, 3688 21 of 22

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.
163.

164.

Lee, D.S,; Je, ].Y. Gallic acid-grafted-chitosan inhibits foodborne pathogens by a membrane damage mechanism. | Agric Food
Chem. 2013, 61, 6574-6579. [CrossRef]

Qin, Y.; Li, P. Antimicrobial Chitosan Conjugates: Current Synthetic Strategies and Potential Applications. Int. J. Mol. Sci. 2020,
21,499. [CrossRef]

Zheng, Y.; Ley, S.H.; Hu, E.B. Global aetiology and epidemiology of type 2 diabetes mellitus and its complications. Nat. Rev.
Endocrinol. 2018, 14, 88-98. [CrossRef]

Eid, H.M.; Haddad, P.S. The Antidiabetic Potential of Quercetin: Underlying Mechanisms. Curr. Med. Chem. 2017, 24, 355-364.
[PubMed]

Li, X,; Liu, J.; Chang, Q.; Zhou, Z.; Han, R.; Liang, Z. Antioxidant and Antidiabetic Activity of Proanthocyanidins from Fagopyrum
dibotrys. Molecules 2021, 26, 2417. [CrossRef] [PubMed]

Rios, J.L.; Francini, F.; Schinella, G.R. Natural Products for the Treatment of Type 2 Diabetes Mellitus. Planta. Med. 2015, 81,
975-994. [CrossRef]

Heiss, C.N.; Olofsson, L.E. The role of the gut microbiota in development, function and disorders of the central nervous system
and the enteric nervous system. J. Neuroendocrinol. 2019, 31, €12684. [CrossRef]

Agnello, L.; Ciaccio, M. Neurodegenerative Diseases: From Molecular Basis to Therapy. Int. J. Mol. Sci. 2022, 23, 12854. [CrossRef]
[PubMed]

Jeromin, A.; Bowser, R. Biomarkers in Neurodegenerative Diseases. Adv. Neurobiol. 2017, 15, 491-528. [PubMed]

Ho, Y.S.; Yu, M.S; Yang, X.E,; So, K.F,; Yuen, W.H.; Chang, R.C. Neuroprotective effects of polysaccharides from wolfberry, the
fruits of Lycium barbarum, against homocysteine-induced toxicity in rat cortical neurons. J. Alzheimers Dis. 2010, 19, 813-827.
[CrossRef]

Pandey, S.N.; Rangra, N.K,; Singh, S.; Arora, S.; Gupta, V. Evolving Role of Natural Products from Traditional Medicinal Herbs in
the Treatment of Alzheimer’s Disease. ACS Chem. Neurosci. 2021, 12, 2718-2728. [CrossRef]

Gao, Q.; Fu, X,; Zhang, R.; Wang, Z.; Guo, M. Neuroprotective effects of plant polysaccharides: A review of the mechanisms. Int.
J. Biol. Macromol. 2018, 106, 749-754. [CrossRef]

Taveira, M.; Sousa, C.; Valentao, P.; Ferreres, F.; Teixeira, ].P.; Andrade, P.B. Neuroprotective effect of steroidal alkaloids on
glutamate-induced toxicity by preserving mitochondrial membrane potential and reducing oxidative stress. J. Steroid. Biochem.
Mol. Biol. 2014, 140, 106-115. [CrossRef]

Yu, K; Song, Y.; Lin, J.; Dixon, R.A. The complexities of proanthocyanidin biosynthesis and its regulation in plants. Plant Commun.
2023, 4, 100498. [CrossRef] [PubMed]

Jeyaraj, E.J.; Lim, Y.Y.; Choo, W.S. Antioxidant, cytotoxic, and antibacterial activities of Clitoria ternatea flower extracts and
anthocyanin-rich fraction. Sci. Rep. 2022, 12, 14890. [CrossRef] [PubMed]

Nems, A.; Peksa, A.; Kucharska, A.Z.; Sokot-Letowska, A.; Kita, A.; Drozdz, W.; Hamouz, K. Anthocyanin and antioxidant
activity of snacks with coloured potato. Food Chem. 2015, 172, 175-182. [CrossRef] [PubMed]

Dong, Y.; Yang, C.; Zhong, W.; Shu, Y.; Zhang, Y.; Yang, D. Antibacterial effect and mechanism of anthocyanin from Lycium
ruthenicum Murr. Front. Microbiol. 2022, 13, 974602. [CrossRef]

Wu, H.; Di, Q.R.; Zhong, L.; Zhou, J.Z; Shan, C.J.; Liu, X.L.; Ma, A.M. Enhancement on antioxidant, anti-hyperglycemic and
antibacterial activities of blackberry anthocyanins by processes optimization involving extraction and purification. Front. Nutr.
2022, 9, 1007691. [CrossRef]

Guo, C.; Sun, J.; Dong, J.; Cai, W.; Zhao, X.; Song, B.; Zhang, R. A natural anthocyanin-based multifunctional theranostic agent for
dual-modal imaging and photothermal anti-tumor therapy. . Mater. Chem. B 2021, 9, 7447-7460. [CrossRef]

Zhou, L.; Wang, H.; Yi, J.; Yang, B.; Li, M.; He, D.; Yang, W.; Zhang, Y.; Ni, H. Anti-tumor properties of anthocyanins from
Lonicera caerulea ‘Beilei” fruit on human hepatocellular carcinoma: In vitro and in vivo study. Biomed. Pharmacother. 2018, 104,
520-529. [CrossRef]

Lee, YM.; Yoon, Y.; Yoon, H.; Park, H.M.; Song, S.; Yeum, K.J. Dietary Anthocyanins against Obesity and Inflammation. Nutrients
2017, 9, 1089. [CrossRef]

Mattioli, R.; Francioso, A.; Mosca, L.; Silva, P. Anthocyanins: A Comprehensive Review of Their Chemical Properties and Health
Effects on Cardiovascular and Neurodegenerative Diseases. Molecules 2020, 25, 3809. [CrossRef]

Jing, Y.; Huang, J.; Yu, X. Preparation, characterization, and functional evaluation of proanthocyanidin-chitosan conjugate.
Carbohydr. Polym. 2018, 194, 139-145. [CrossRef]

Shao, P.; Zhang, ].F.; Chen, X.X.; Sun, P.L. Microwave-assisted extraction and purification of chlorogenic acid from by-products of
Eucommia Ulmoides Oliver and its potential anti-tumor activity. J. Food Sci. Technol. 2015, 52, 4925-4934. [CrossRef] [PubMed]
Miao, M.; Xiang, L. Pharmacological action and potential targets of chlorogenic acid. Adv. Pharmacol. 2020, 87, 71-88. [PubMed]
Bagdas, D.; Gul, Z.; Meade, J.A.; Cam, B.; Cinkilic, N.; Gurun, M.S. Pharmacologic Overview of Chlorogenic Acid and its
Metabolites in Chronic Pain and Inflammation. Curr. Neuropharmacol. 2020, 18, 216-228. [CrossRef] [PubMed]

Kulyar, M.EE.A; Mo, Q.; Yao, W.Y,; Ding, YM,; Yan, Z.; Du, H.T,; Pan, H.C; Li, KW.; Gao, ].D.; Shahzad, M.; et al. Chlorogenic
acid suppresses miR—460a in the regulation of Bcl-2, causing interleukin-1§ reduction in thiram exposed chondrocytes via
caspase-3/caspase—7 pathway. Phytomedicine 2022, 104, 154296. [CrossRef]


https://doi.org/10.1021/jf401254g
https://doi.org/10.3390/ijms21020499
https://doi.org/10.1038/nrendo.2017.151
https://www.ncbi.nlm.nih.gov/pubmed/27633685
https://doi.org/10.3390/molecules26092417
https://www.ncbi.nlm.nih.gov/pubmed/33919259
https://doi.org/10.1055/s-0035-1546131
https://doi.org/10.1111/jne.12684
https://doi.org/10.3390/ijms232112854
https://www.ncbi.nlm.nih.gov/pubmed/36361643
https://www.ncbi.nlm.nih.gov/pubmed/28674995
https://doi.org/10.3233/JAD-2010-1280
https://doi.org/10.1021/acschemneuro.1c00206
https://doi.org/10.1016/j.ijbiomac.2017.08.075
https://doi.org/10.1016/j.jsbmb.2013.12.013
https://doi.org/10.1016/j.xplc.2022.100498
https://www.ncbi.nlm.nih.gov/pubmed/36435967
https://doi.org/10.1038/s41598-022-19146-z
https://www.ncbi.nlm.nih.gov/pubmed/36050436
https://doi.org/10.1016/j.foodchem.2014.09.033
https://www.ncbi.nlm.nih.gov/pubmed/25442540
https://doi.org/10.3389/fmicb.2022.974602
https://doi.org/10.3389/fnut.2022.1007691
https://doi.org/10.1039/D1TB00988E
https://doi.org/10.1016/j.biopha.2018.05.057
https://doi.org/10.3390/nu9101089
https://doi.org/10.3390/molecules25173809
https://doi.org/10.1016/j.carbpol.2018.04.037
https://doi.org/10.1007/s13197-014-1571-8
https://www.ncbi.nlm.nih.gov/pubmed/26243912
https://www.ncbi.nlm.nih.gov/pubmed/32089239
https://doi.org/10.2174/1570159X17666191021111809
https://www.ncbi.nlm.nih.gov/pubmed/31631820
https://doi.org/10.1016/j.phymed.2022.154296

Foods 2023, 12, 3688 22 of 22

165. Li, F; Yan, Y.; Gu, C.; Sun, J.; Han, Y.; Huangfu, Z.; Song, E; Chen, ]J. Preparation and Characterization of Phenolic Acid-Chitosan
Derivatives as an Edible Coating for Enhanced Preservation of Saimaiti Apricots. Foods 2022, 11, 3548. [CrossRef]

166. Cirillo, G.; Puoci, F; Iemma, F.; Curcio, M.; Parisi, O.1,; Spizzirri, U.G.; Altimari, I.; Picci, N. Starch-quercetin conjugate by radical
grafting: Synthesis and biological characterization. Pharm. Dev. Technol. 2012, 17, 466—476. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/foods11223548
https://doi.org/10.3109/10837450.2010.546413

	Introduction 
	Free Radical-Mediated Grafting Method 
	Structural Characterization 
	Thin-Layer Chromatography 
	Ultraviolet-Visible Spectroscopy 
	Fourier Transform Infrared Spectroscopy 
	Nuclear Magnetic Resonance Analysis 
	Crystallinity Analysis 
	Scanning Electron Microscope 

	Gallic Acid–Polysaccharide Conjugate 
	Gallic Acid 
	Biological Activity 
	Antioxidant Activity 
	Antibacterial Activity 


	Ferulic Acid–Polysaccharide Conjugate 
	Ferulic Acid 
	Biological Activity 
	Applications 
	Drug Delivery System 
	Emulsions for Nutraceutical Delivery Systems 


	Catechin–Polysaccharide Conjugate 
	Catechin 
	Biological Activity 
	Antioxidant Activity 
	Antibacterial Activity 
	Antidiabetic Activity 
	Neuroprotection Activity 


	Other Polyphenol-Polysaccharide Conjugates 
	Conclusions and Future Perspectives 
	References

