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As a kind of nature-derived bioactive materials, polyphenol-based hydrogels possess many unique and
outstanding properties such as adhesion, toughness, and self-healing due to their specific crosslinking structures,
which have been widely used in biomedical fields including wound healing, antitumor, treatment of motor
system injury, digestive system disease, oculopathy, and bioelectronics. In this review, starting with the classi-
fication of common polyphenol-based hydrogels, the pyramid evolution process of polyphenol-based hydrogels

from crosslinking structures to derived properties and then to biomedical applications is elaborated, as well as
the efficient reverse design considerations of polyphenol-based hydrogel systems are proposed. Finally, the
existing problems and development prospects of these hydrogel materials are discussed. It is hoped that the
unique perspective of the review can promote further innovation and breakthroughs of polyphenol-based

hydrogels in the future.

1. Introduction

Hydrogel, as a kind of polymeric semisolid material with high water
content and good biocompatibility, has been studied in the field of
biomedicine for more than 40 years [1-4]. Due to their physical simi-
larities to human tissue, hydrogels were initially used as cell culture
substrates and wound dressings [5,6]. With the rise and development of
tissue engineering, it was further used in the repair and regeneration of
various tissues and organs [7,8]. In recent years, with the intersection
and fusion of biomedicine and material science, a variety of responsive
hydrogel systems have been born [9], which are used for drug delivery
[10,11], biosensing [12], and bioimaging [13] in response to the com-
plex environment of the human body, so as to carry out accurate diag-
nosis and treatment for a variety of diseases such as cancers [14,15],
infections [16], diabetes [17], and rheumatoid arthritis [18]. In this
process of development, hydrogel materials have realized the trans-
formation from traditional to intelligent, and it also plays an increas-
ingly important role in the field of biomedicine.
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Polyphenols are a kind of compound with a chemical structure of
phenyl and combined with two or more phenolic hydroxyl, widely
distributed in various plants and marine organisms [19,20]. So far,
polyphenols have been proved to have good effects in antioxidant,
antibacterial, anti-tumor, immune regulation, anti-radiation, and other
aspects [21-24]. Meanwhile, they have high safety for the human body,
so they have been widely used in medicine, food, and cosmetics in recent
years [25,26]. Polyphenol compounds contain groups such as catechol
and pyrogallol, which can interact with many molecules by forming a
variety of non-covalent (hydrogen bonding, n-z interactions, cation-z
interactions, etc.) or covalent interactions (Michael addition/Schiff-base
reaction, polyphenol-metal coordination, etc.) [27,28], and then reflect
excellent properties such as adhesion and self-healing [29-31], which
are also urgently needed for modern intelligent biomedical hydrogels.

Since 2002, Lee et al. modified 3, 4-dihydroxyphenylalanine (DOPA)
onto linear or branched poly(ethylene glycol) (PEG) and prepared
highly adhesive hydrogels by oxidative crosslinking [32], a class of
hydrogels based on polyphenols were born. Polyphenol-based hydrogels
are a kind of hydrogel materials whose structures and properties are
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Abbreyiations
DOPA 3, 4-dihydroxyphenylalanine
PEG Poly(ethylene glycol)
PDA Polydopamine
TA Tannic acid
EGCG  Epigallocatechin gallate
PAM Polyacrylamide
Mefps  Mytilus edulis foot proteins
NIR Near-infrared
ROS Reactive oxygen species
AD Arginine derivative
GG Guar gum
BTZ Bortezomib
OA Osteoarthritis
PAL Postoperative anastomotic leakage
RPE Retinal pigment epithelium
e-skin Electronic biomimetic skin

significantly improved by introducing polyphenols into the hydrogel
systems. These advanced materials highly combine the advantages of
hydrogels and polyphenols and show great vitality in the field of
biomedicine. For example, polyphenol introductions bring strong
adhesion and self-healing properties, so the hydrogels can easily cope
with the complex environment in vivo [33].

Up to now, polyphenol-based hydrogels have undergone recognition
from crosslinking structures to derived properties, and their applications
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cover many aspects in the field of biomedicine. However, there are still
few reviews focusing on polyphenol-based hydrogels, and the existing
reviews still have some problems such as incomplete summary and lack
of recent research progress. Therefore, based on the recent research
progress of polyphenol-based hydrogels, we dissected the pyramid
evolution process of polyphenol-based hydrogels from several cross-
linking structures to numerous derived properties and then to a wide
range of biomedical applications in detail. Meanwhile, the efficient
reverse design consideration of such research projects was proposed.
The framework and train of thought of the review are shown in Fig. 1.

2. Classification of polyphenol-based hydrogels

So far, more than 8000 polyphenol molecules have been identified
[26], and several of them from natural sources have been directly used
or modified for the construction of polyphenol-based hydrogel systems
(Fig. 2). This section will classify polyphenol-based hydrogels according
to the types of polyphenols.

2.1. Dopamine and its derivatives-based hydrogels

Dopamine is the most abundant catecholamine neurotransmitter in
the human brain, which is involved in the regulation of various func-
tions including movement, cognition, emotion, and so on [34]. As a
small molecular polyphenol compound with a very simple structure,
dopamine is often used as a building block to construct more complex
polyphenol hydrogel platforms. Dopamine can self-polymerize into
polydopamine (PDA) with outstanding adhesivity, modifiability, and
biocompatibility under weak alkaline conditions, which may
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Fig. 1. Schematic illustration of pyramid evolution and reverse design processes of polyphenol-based hydrogels.
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Fig. 2. Typical polyphenol-based hydrogel components.

self-assemble into PDA nanoparticles or attach to the surface of other
nanomaterials to form PDA coatings [25,30]. The introduction of these
PDA-based nanomaterials into hydrogels can increase the adhesion,
toughness, and strength of the system. Meanwhile, these nanomaterials
can also be used for drug delivery and controlled release as well as
photothermal therapy, so they have a wide range of biomedical appli-
cations and development prospects [35-38]. In addition, considering
that dopamine and its derivatives have typical catechol groups without
extra groups, they can be connected to classical hydrogel materials such
as hyaluronic acid and chitosan through simple substitution reaction,
which can improve the adhesion and strengthen hydrogel systems
through polymerization [39-42]. Up to now, dopamine and its
derivatives-based hydrogels are the most widely studied and applied
polyphenol hydrogels.

2.2. Tannic acid (TA)-based hydrogels

Tannic acid (TA) is a naturally plant-derived polyphenol compound
that provides the protection of plants from insects, pathogens, and ul-
traviolet [43]. The research on functional hydrogels based on TA has
also been one of the research hot areas of polyphenol-based hydrogels
for several years. Different from small molecular dopamine, a TA
molecule owns ten polyphenol groups with a much larger molecular
weight, so it can directly participate in the crosslinking of hydrogels as a
component without further polymerization or connection with other
polymer materials. Hydrogen bond interaction is the most common
crosslinking method in the existing TA-based hydrogels [44-46], and on
this basis, there were also studies on further introducing TA-metal ion
coordination interactions and TA-boronate interaction to improve the
properties of self-healing and mechanical toughness [47,48]. Besides,
because TA also has plenty of pharmacological activities such as
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antioxidant, antibacterial and anti-inflammatory, the related hydrogels
may possess a very outstanding performance in the applications of
wound healing [49,50].

2.3. Epigallocatechin gallate (EGCG)-based hydrogels

Studies have shown that regular drinking of green tea has many
benefits such as cancer prevention, blood lipid reduction, and immunity
promotion, which is mainly due to tea polyphenols [51,52]. More than
30 polyphenols with a high level of contents are contained in green tea,
with epigallocatechin gallate (EGCG) at the top of the list [53].
Considering the multiple biological activities and admirable biocom-
patibility, EGCG has also been used to participate in the construction of
many hydrogel platforms [54-56]. In terms of crosslinking mechanism,
EGCG-based hydrogels are mainly formed by covalent crosslinking,
because the low molecular weight of EGCG makes it difficult to form a
three-dimensional (3D) network structure only by non-covalent cross-
linking [57].

2.4. Lignin-based hydrogels

Lignin is the second richest renewable organic resource on earth,
which is widely found in the xylem of plants to maintain rigidity [58,
59]. As a class of very complex 3D polymers, natural lignin possesses a
polyphenol-like structure containing a large number of aromatic rings
with phenolic hydroxyl and methoxyl groups. However, an aromatic
unit usually contains only one phenolic hydroxyl group, which de-
termines that natural lignin does not have obvious polyphenol proper-
ties. Therefore, abundant polyphenol units can be obtained by further
demethylating to produce a series of polyphenol-related properties [60,
61]. Through the redox reaction between lignin and high valence-state
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metal ions, ammonium persulfate can be induced to generate free rad-
icals, which can lead to the polymerization of monomers such as acrylic
acid and hydroxyethyl acrylamide, so as to prepare hydrogels without
initiator [60,62,63]. Besides, given the abundant source and low cost of
lignin, hydrogels prepared from lignin have a good prospect of
large-scale production and application.

2.5. Other polyphenol-based hydrogels

In addition to the common polyphenol-based hydrogels mentioned
above, ellagic acid, quercetin, rosmarinic acid, proanthocyanin, car-
minic acid, rutin trihydrate, and other natural sources of polyphenols
are also used in the manufacture of hydrogels [64-66]. These
polyphenol-based hydrogels generally have biological activities such as
antibacterial, antioxidant, and immunomodulatory with good biocom-
patibility and have been optimized in mechanical properties, which
owns a high research value and bright prospect for biomedical
applications.
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3. Crosslinking structures of polyphenol-based hydrogels

One of the most vital parts in the preparation of hydrogels is the
formation of 3D network structures through crosslinking, which is also
the source of the properties of hydrogels. Due to the diverse interactions
that polyphenols can produce, polyphenol-based hydrogels with 3D
structures can be formed through physical and/or chemical crosslinking
in various forms, and the representative crosslinking mechanisms of
catechol-based hydrogels are summarized in Fig. 3 [67]. Such various
crosslinking ways produce plentiful structures of polyphenol-based
hydrogels, and at the same time provide more possibilities of composi-
tion combination for the construction of polyphenol-based hydrogel
platforms, as well as further expand the properties and application
ranges. In this section, different crosslinking methods and network
structures of polyphenol-based hydrogels are discussed in detail.

3.1. Covalent crosslinking

3.1.1. Polymerization reactions
Catechol can be oxidized to o-quinone in the presence of oxidants,
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Fig. 3. (A) Covalent and (B) non-covalent crosslinking mechanisms of catechol-based hydrogels.
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which can form dimers by self-coupling or a reaction with other cate-
chol, as well as gradually polymerize into oligomers or/and polymers
[68-70]. Similarly, pyrogallol also can be oxidized and further cross-
linked [19,67]. As a very common crosslinking method, the polymeri-
zation of catechol provides a stable and durable foundation for many
catechol-based hydrogels. For example, Han et al. constructed a dy-
namic DNA hydrogel that has permanent and temporary dual networks
to respond to different solvents, while ensuring structural integrity
which is due to the firm covalent crosslinking among dopamine units
[71]. A heart hydrogel patch developed by Liang et al. also has a more
stable and firm crosslinking network due to the coupling between
dopamine in the system, which can cope with the complex environment
in vivo [72].

3.1.2. Nucleophilic addition reactions

After the catechol group is oxidized to quinone, the electrophilic
conjugated system is easy to be attacked by molecules containing
nucleophilic functional groups (such as amino and thiol), and then
generate substituted benzoquinone compounds via Michael addition
reactions [36,73]. In addition, it may also occur that the nitrogen atoms
of a nucleophile amine compound attack the carbonyl carbon atoms and
then dehydrate to form Schiff bases [25,74,75]. The conditions of the
reactions are mild and easy to operate, so it has been widely used for
further modification of polyphenols, such as surface modification of
PDA-based nanomedicines [76-78]. Gradually, Michael
addition/Schiff-base reactions began to be introduced into the cross-
linking of polyphenol-based hydrogel system, which increased the
strength of hydrogels and enabled the crosslinking of polyphenol with
more kinds of molecules, greatly broadening the design ideas. Han et al.
synthesized a polyacrylamide-polydopamine (PAM-PDA) hydrogel by
crosslinking PAM and PDA via Michael addition/Schiff-base reactions,
which could prevent overoxidation of the catechol groups to achieve
durable adhesion [79]. Wang et al. prepared a hydrogel by crosslinking
PDA nanoparticles with thiol-terminated four-arm poly(ethylene gly-
col), which could be performed by simple Michael addition without
special crosslinking agents [80]. In addition, in other studies, materials
such as poloxamers [81], polyethyleneimine [82], poly(ethylene glycol)
diacrylate [83], and bioactive proteins [84] were also introduced into
polyphenol-based hydrogels through Michael addition/Schiff-base re-
actions and endowed the hydrogel systems with diverse excellent
properties such as temperature sensitivity.

3.1.3. Polyphenol-metal ion interactions

Polyphenols can form an oxygen center with high electron density
after deprotonation that can coordinate with metal cations [85]. At the
same time, because polyphenols are a kind of polydentate ligands, they
can produce a much stronger coordination effect than monodentate li-
gands [86]. When a large number of metal ions are involved in the co-
ordination with polyphenols, a polyphenol network with metal ions as
the connection point can be formed named metal-phenolic network
(MPN). Due to the good adhesion, simple preparation process, and ease
to further modify, MPN coating has been widely used in the surface
modification of various substances [87]. In many polyphenol-based
hydrogel platforms, polyphenol-metal ion coordination is also used in
the preparation of hydrogels as a kind of crosslinking mode, and the
introduction of metal ions can also bring special properties to the
hydrogel system. For example, Zhou et al. prepared a conductive
hydrogel using TA and pyrrole (Py) as raw materials, which added Fe3*
as an oxidation initiator to promote the polymerization of Py, and to
coordinate with polyphenol groups of TA to participate in the cross-
linking of the hydrogel [48]. Xiang et al. fabricated a smart injectable
hydrogel from folic acid, dopamine, and Zn?*. Zn?* can coordinate with
both catechol groups of dopamine and the carboxyl groups of folic acid
to participate in crosslinking, and introduce antibacterial and tissue
repair functions to the hydrogel platform [88].
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3.1.4. Polyphenol-boronate interaction

Boronic acid can form dynamic cyclic ester species with diol-based
molecules and therefore can form complexation with polyphenol [89,
90]. Polyphenol-boronate complexation is capable of forming at pH
above the pKa of polyphenol and breaking below its pKa, thus possessing
a pH-responsive property [57]. Many studies have used
polyphenol-boronate interaction for responsive delivery of the anti-
tumor drug bortezomib considering its pH-responsive property [91,92].
In the field of hydrogel research, polyphenol-boronate interaction is also
used to participate in the formation of hydrogel crosslinking [47,93,94].
In addition, through dynamic polyphenol-boronate interaction, poly-
phenol groups can be selectively hidden or exposed under different pH
conditions, thus achieving pH-dependent reversible adhesion of hydro-
gels, which has a very broad application prospect [95,96].

3.2. Non-covalent crosslinking

3.2.1. Hydrogen bonding

The biggest characteristic of polyphenols is that they contain abun-
dant phenolic hydroxyl groups, which determines that they are very
easy to form a large number of hydrogen bonds with each other and
other molecules containing hydroxyl and amino groups [97]. Therefore,
hydrogen bonding is the most common crosslinking mode in most
polyphenol-based hydrogel systems. Hydrogen bonding is weaker than
covalent bonds but stronger than van der Waals’s force. Considering that
it can break and form reversibly, it is often associated with the
self-healing and some mechanical properties of hydrogels [98,99]. In
addition, the hydrogen bonding formed between polyphenols and water
molecules can increase the hydrophilicity of hydrogels, which is
conducive to improving the biocompatibility of polyphenol-based
hydrogels [69].

3.2.2. n-m stacking interaction

n-n stacking interaction is a special spatial arrangement between
n-electron-rich aromatic compounds, and polyphenols contain a large
number of aromatic ring structures, so they can form a wide range of -1
interaction [100]. In polyphenol-based hydrogel systems, n-n stacking is
as important as hydrogen bonding in recoverable non-covalent in-
teractions. As sacrificial bonds, they can dissipate energy and contribute
significantly to maintaining the elasticity and self-healing properties of
hydrogels [79].

3.2.3. Cation-r bonding

Cation-t bonding can be formed through electrostatic and polariza-
tion interactions between cations and n-electron-rich aromatic com-
pounds [101]. These interactions exist widely in biological systems and
are involved in stabilizing protein structures, protein-nucleic acid in-
teractions, and so on. In polyphenol-based hydrogels, the strength of
cationic-n bonding is similar to that of hydrogen bonding, which plays a
vital role in promoting the adhesion and cohesion of hydrogels [99].
Many biomimetic adhesive materials based on catechol and amino
moieties have been designed using the principle and have shown
stronger adhesion than catechol groups alone [102-104].

4. Derived properties of polyphenol-based hydrogels

Based on the mutual crosslinking structures of polyphenol-based
hydrogels, some common properties are produced, and the combina-
tion of these properties laid a solid foundation for their significantly
wide applications in the biomedical field. In this section, the outstanding
derived properties of polyphenol-based hydrogels are elaborated.

4.1. Adhesion and bioaffinity

The most prominent property of polyphenol hydrogels is the high
undifferentiated adhesion to different surfaces of substances, and the
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adhesion is also embodied as a high affinity with tissues and cells when
reflected in the microscopic level of biomedicine [33]. The adhesion was
originally inspired by marine mussels. Mussels can secrete Mytilus edulis
foot proteins (Mefps) that can stick firmly to objects such as rocks and
hulls in wet environments (Fig. 4A-E) [74,105,106]. Mefps were divided
into Mefp-2, Mefp-3, Mefp-4, Mefp-5, and Mefp-6, among which Mefp-3
and Mefp-5 mainly contributed to high adhesion and interfacial binding
strength due to a large number of DOPA units [107-109]. DOPA is a kind
of polyphenol that contains a catechol group. Polyphenols can bind to
surfaces of different materials through multiple interactions such as
coordination, hydrogen bonding, cation-n interaction, etc [110]. In
addition, catechol/pyrogallol are highly reactive to various natural
nucleophiles (such as thiols and amines) of tissue surface proteins, so
polyphenol-based hydrogels can produce excellent bioadhesion and
bioaffinity [111,112]. Using these principles, Jung et al. prepared a
PAM-PDA hydrogel system and embedded extra-large pore mesoporous
silica nanoparticles with a hydrophilic surface to enhance hydrogen
bonding, thus fabricating hydrogel patches with super adhesion for drug
transdermal delivery [113].

Nevertheless, adhesion produced by polyphenol groups presents a
problem of persistence. Catechol/pyrogallol are the structural basis of
all adhesion-related properties, but they are very easy to be oxidized to
quinone when exposed to air, and thus lose adhesion [114]. Hence some
studies have integrated materials such as clay nanosheets and PAM into
the polyphenol-based hydrogel systems to isolate oxygen and protect the
polyphenol groups, so as to achieve more lasting adhesion [79,115]. In
nature, mussels are usually able to produce a very persistent adhesion
effect due to the redox balance in their bodies. After the
adhesive-producing polyphenol groups are oxidized to quinone, mussels
are able to continuously secrete reducing proteins (such as Mepf-6 with
cysteine thiols) for regenerating phenolic hydroxyl groups, resulting in
long-term adhesion (Fig. 4F) [116]. By constructing redox systems to
simulate the long-term adhesion process of mussels, several durable
polyphenol-based hydrogel platforms have been developed. Jia et al.
prepared a TA-Ag nanozyme to catalyze the self-setting of a hydrogel,
and the dynamic redox balance between polyphenol groups in TA and
Ag nanoparticles promoted the long-term and repeatable adhesion of the
hydrogel (Fig. 4G) [117]. Similar Ag-lignin redox systems have also been
used to enhance the adhesion persistence of polyphenol-base hydrogels
[60,118,119].

At the same time, due to the bioadhesion of polyphenol-based
hydrogels, they also show high affinity to tissues and cells, which has
been reflected in many studies. For example, Xu et al. observed signif-
icant enhancement of cell migration and recruitment after introducing
PDA-modified nanomedicines into a hydrogel system [35]. Such bio-
affinity not only ensures the biosafety of polyphenol-based hydrogels
but also is very suitable for promoting healing and recovery in diseases
such as skin trauma and bone injury.

The adhesion and bioaffinity of polyphenol-based hydrogels lay a
solid foundation for their application in biomedicine. With the devel-
opment of the research, the polyphenol-based adhesion should be
further refined, and be more complementary to other excellent proper-
ties through the modification of hydrogels, so as to obtain more exten-
sive application spaces.

4.2. Toughness and strength

The body’s muscles, tendons, ligaments, and other soft tissue usually
have the characteristics of high toughness and strength, while hydrogels
are usually used to simulate and replace these soft tissues in the
biomedical field [120]. Therefore, hydrogels are also required to have
high toughness and strength. Polyphenol-based hydrogel systems usu-
ally have more than one way of crosslinking. The firm covalent cross-
linking formed by chemical reactions such as polymerization and
Michael addition usually have high bond energy, which endows
hydrogels with high strength [121]. Meanwhile, the weak crosslinking
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formed by hydrogen bonding, n-n stacking, and other dynamic in-
teractions can dissipate energy under external forces, thus providing
high toughness for hydrogels [122]. Lin et al. produced a chitin-TA
multi-crosslinked hydrogel through a polyphenol-mediated self--
assembly strategy [123]. The hydrogel’s compressive stress, Young’s
modulus, and fracture energy can reach 8.18 MPa, 0.36 MPa, and 0.97
MJ m~3, respectively, which combines the characteristics of high
strength and toughness [123]. Apart from that, the introduction of
nanomaterials into polymer networks of hydrogels is also a common
method to reinforce the hydrogel systems. Inorganic nanomaterials,
such as mesoporous silica nanoparticles and black phosphorus nano-
particles, have high mechanical strength and can absorb energy in
hydrogel systems to prevent crack propagation during deformation, thus
effectively improving the strength and toughness of the hydrogels [124,
125]. Furthermore, if polyphenol-modified nanomaterials are intro-
duced into hydrogel systems, their large specific surface area may pro-
duce a broader interaction between polyphenols and polymer
crosslinking networks, which can combine the advantages of the two
strategies above, thus raising the strength and toughness of hydrogels to
a new level [115].

4.3. Self-healing

In the human body, soft tissues such as skins have a good self-repair
ability within a certain extent of injury, to maintain a healthy life.
Inspired by this, self-healing hydrogels, a class of smart materials that
are structurally capable of repairing damage caused by long-term me-
chanical use, were born [126]. If the strength and toughness of hydro-
gels are improved to reduce the damage caused by external forces, then
the self-healing property is a remedial measure after structural damage
occurs. Such a "double insurance" strategy can greatly prolong the life of
hydrogels, thus expanding their applications in the biomedical field.
Polyphenol-based hydrogels generally have great self-healing ability
due to the existence of multiple dynamic bonds in the crosslinking sys-
tem, which can achieve repair after fracture under mild conditions [79].
According to the different types of dynamic bonds in polyphenol-based
hydrogels, self-healing can be divided into physical and chemical
self-healing [127]. Physical self-healing is mediated by dynamic
non-covalent interactions such as hydrogen bonding and n-m stacking
(Fig. 5A), while chemical self-healing is mediated by dynamic imine
bonds, boronate-diol bonds, and other dynamic covalent bonds [79,
127]. A large number of polyphenol-based hydrogel platforms with
excellent self-healing properties have been developed through physical
and/or chemical self-healing mechanisms. Yuan et al. constructed a
double-crosslinked hydrogel system containing reversible imine bonds
and Fe3"-catechol coordination, and the two-part hydrogels could
self-heal into a state without cracks within 15 min (Fig. 5B) [128]. Wei
et al. fabricated a polyacrylamide (PAAm)-based conductive hydrogel
system introducing TA-decorated cellulose nanofibrils (TA@CNF) and
MXene nanosheets. Due to the dynamic catechol-borate bonds in the
TA@CNF network and the repairable supramolecular interactions
among TA@CNF, MXene, and PAAm, the healed hydrogel reemerged
with conductivity as well as high mechanical strength and stretch strain
[129].

4.4. Photothermal effect

Melanin is a kind of biological macromolecular pigment that has a
wide range of optical absorption and can convert the absorbed photon
energy into heat, so it can protect organisms from ultraviolet damage
[130,131]. PDA, as a kind of melanin-like polyphenol, has similar op-
tical absorption and photothermal properties. Particularly, PDA has high
absorption in the near-infrared region (650-900 nm) with a high pho-
tothermal conversion efficiency of ~40%, so it has been widely used in
antitumor and antibacterial photothermal therapy researches [25]. In
the research field of polyphenol-based hydrogels, PDA-based
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nanocomposite hydrogels or the polymer networks generated by the
polymerization of dopamine and its derivatives also have good photo-
thermal performance [132,133]. In addition, the polyphenol-metal ion
coordination can produce a photothermal effect due to a strong charge
transfer from phenol hydroxyl to metal [134-136], and this strategy can
be further applied to introduce or enhance the photothermal effect of
polyphenol-based hydrogel systems.

4.5. Antioxidant and free radical scavenging ability

Free radicals are a kind of strong oxidizing compounds produced in
the oxidative reaction of our body, and excessive free radicals will cause
damage to tissues and cells, which may lead to a variety of inflammatory
reactions. More and more studies show that Alzheimer’s disease, Par-
kinson’s disease, diabetes, tumor, the aging process, and so on are
closely related to the body’s free radicals [137,138]. Nevertheless, as a
class of antioxidants, polyphenols can scavenge free radicals by trans-
ferring hydrogen atoms of phenolic hydroxyl groups or donating transfer
electrons to free radicals [19,139]. Given this, the polyphenol hydrogel
systems contain abundant polyphenol groups, so they always have
excellent antioxidant effects, naturally. For instance, Yang et al.
designed a TA-based hydrogel band-aid to address the inflammatory
response and oxidant stress during diabetic wound healing and utilized
its antioxidant properties to effectively promote skin incision recovery
in diabetic mice [49].

4.6. Antibacterial activity

Many naturally-derived polyphenols, such as TA, EGEG, and lignin,
have been proven to have antibacterial activities, and their antibacterial
mechanisms are mainly related to the damage of bacterial cell mem-
branes, the binding with peptidoglycan on bacterial cell walls, and the
inhibition of biosynthesis of the cell constituents [58,140-142]. There-
fore, hydrogel platforms constructed based on these polyphenols also
have certain antibacterial activities. For example, an EGCG-based
hydrogel system constructed by Zhao et al. showed excellent antibac-
terial ability against both E. coli and S. aureus [54].

5. Biomedical applications
Considering that the properties of polyphenol-based hydrogels are

highly compatible with many biomedical applications such as wound
healing promotion and cancer therapy, more and more studies have
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been conducted to solve the problems in the biomedical field by con-
structing multi-functional polyphenol-based hydrogel platforms.
Therefore, in this section, the applications of polyphenol-based hydro-
gels in diverse biomedical fields are comprehensively summarized.

5.1. Wound healing

During the wound healing process, the complex wound microenvi-
ronment will cause extremely serious consequences if they are not
correctly treated. Generally, hemostasis, inflammation, proliferation,
and remodeling are regarded as four distinct stages of the whole process
in wound healing [143]. Therefore, with the properties discussed above,
the polyphenol-based hydrogel can be treated as promising candidates
for wound healing, since they satisfy the requirement of hydrogels
designed for wound healing, such as adhesion, bioaffinity, biocompati-
bility, antioxidant and antibacterial activities. In general, wound
dressings can be divided into two typical kinds based on the shape of the
wounds: hydrogel patches adhering directly to the wound site and
injectable hydrogels for filling irregularly shaped wounds [57], with the
latter promising wider application because of the dramatic adaptability
in all kinds of wounds and no need for highly invasive surgical pro-
cedures [144].

The mechanism of wound healing polyphenol-based hydrogels can
be divided into hemostasis, antibacterial and anti-inflammatory. It is
worth noting that some hydrogels used for wound repair can perform a
combination of these functions.

5.1.1. Hemostasis

Hydrogel sealants are treated as candidates for controlling bleeding
for a long time [46], however, the traditional hydrogels cannot be
treated as ideal hemostatic agents for many reasons, such as poor
adhesion, bad mechanical properties, poor biodegradability, low elas-
ticity, toxicity, immunogenicity, and so on [145,146]. For example, with
favorable cell adhesion and higher hemostatic capacity, gelatin-based
hydrogels are considered as the alternative to collagen for controlling
bleeding [147,148]. However, there are still many reasons largely
limiting their applications in the clinic, including bad mechanical
properties, sensitivity to water, and poor adhesion [50,149]. Chemically
active synthetic crosslinkers were added in gelatin-based hydrogels for
improving mechanical properties and stability [150]. However, these
additives may increase costs and the risk of introducing toxicity [50,
151], hindering its further biomedical applications. Moreover, poor
biodegradability of hemostatic agents may cause thrombosis [152], and
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low elasticity will further hinder the application of traditional hydrogels
in deep wounds [45].

In general, ideal hemostatic agents should be endowed with many
properties discussed above [115], and the design of new hemostatic
agents is the trade-off of them. But in most cases, the traditional
hydrogel can only have a few required properties. Polyphenol-based
hydrogels always show robust wet tissue adhesion ability, which is
useful in the presence of continuous blood flow and can be used under
the situation of arterial and visceral wounds [45,153]. Besides,
Self-healing and high elasticity properties of polyphenol-based hydro-
gels are other factors that ensure excellent hemostatic performance even
with deep wounds after adhering to the wound site [154].

Wang et al. prepared a powerful wound dressing based on the
polyphenol-based hydrogel system inspired by mussel adhesive protein
[155]. Because of the biomimetic catechol-Lys residue distribution in
the system, it showed the ability to facilely and intimately integrate with
biological tissue, which resulted in the great potential in hemostatic
properties and wound healing. The mouse liver bleeding experiment and
in vivo experiment confirmed its hemostatic properties and feasibility of
wound repair. Han et al. developed a novel dual bionic adhesive
hydrogel, and dopamine was introduced for adhesion. In vitro adhesive
test and in vivo hemostatic test both certificated the excellent potential in
wound healing of this system (Fig. 6A) [42].

In addition to adhesion and seal for hemostasis, polyphenol-based
materials can also interact with blood proteins to form a complex as a
physical barrier for hemostasis, which is expected to become a prom-
ising research direction of polyphenol-based hemostatic hydrogels
[156].

For further enhancing the hemostatic effect, coagulants can be
introduced into polyphenol-based hydrogel systems for synergistic he-
mostasis. For example, a TA and gallic acid-containing hydrogel system
with a coagulant polyphosphate loading was designed by Cao et al. for
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wound healing, which showed accelerating blood coagulation in the
hemostatic test in vivo [46].

5.1.2. Antibacterial

Bacterial infection is the "natural enemy" of wound healing.
Improper treatment will not only cause a prolonged healing process, but
also delay collagen synthesis, and additional tissue damage may even
occur [157]. Based on the serious consequences of bacterial infection,
hydrogels with antibacterial properties can also show excellent potential
in wound healing. As a result, in addition to antihemorrhagic properties,
antibacterial performances are another reason for polyphenol-based
hydrogels showing great ability in wound healing.

The antibacterial performances of polyphenol-based hydrogels can
be attributed to many factors [158,159], including the inherent anti-
bacterial activity of polyphenols [160,161], photothermal property of
polyphenols [162,163], and the introduction of antimicrobial sub-
stances such as cationic polymers and antibiotics [155,164-166].

The antibacterial activity of natural polyphenols is the most common
source of the antibacterial performances of these hydrogels. Taking TA
for example, as a typical representative of these natural polyphenols, it is
usually employed as a major building block in antibacterial hydrogels
[167]. Ma et al. fabricated an intriguing injectable and antibacterial
hydrogel with TA [160]. The long-lasting antibacterial activity enabled
the system to show an accelerating wound healing rate in the in vivo
full-thickness cutaneous defect model, certificating its potential in
wound healing with antibacterial properties. Ahmadian et al. developed
a novel gelatin-TA hydrogel, showing great potential in wound healing
[50]. In the agar diffusion test, the antibacterial effect of this hydrogel
was tested, and because of the introduction of TA, this system showed
excellent antibacterial effect and exhibited great wound healing ability
in the further experiment with rat full-thickness skin wound model.

Photothermal property is another advantage for antibacterial
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polyphenol-based hydrogels in wound healing, especially the PDA-
introducing hydrogels. By introducing PDA-coated reduction graphene
oxide into the hydrogel, Li et al. prepared a platform with the enhanced
antibacterial ability through photothermal effect, which was also re-
flected in the killing effects against E. coli and S. aureus [168]. Besides,
Deng et al. designed an agarose-based hydrogel containing TA-Fe>*
composites and showed outstanding photothermal conversion capability
[162]. The outcome of the in vivo test showed effective antibacterial
effects under near-infrared (NIR) irradiation.

The introduction of antimicrobial substances in hydrogel systems is a
straight way to kill bacterial. There are a large number of substances that
show both excellent antibacterial properties and biocompatibility,
allowing them to become the candidates for antibacterial hydrogel in
wound healing. Cationic polymers are one of the antibacterial sub-
stances used in hydrogel for wound healing. In Yang et al.’s study,
cationic polyelectrolyte brushes grafted from bacterial cellulose were
added in the hydrogel, providing high-efficiency and long-lasting anti-
bacterial performance [165]. Through contact sterilization experiments,
the gorgeous antibacterial performance of this system was certificated.
Ag nanoparticles (Ag NPs) are another widely used antibacterial agent.
Hu et al. fabricated an Ag NPs-containing hydrogel for infected diabetic
wound treatments [166]. The polyphenol-based hydrogel system
showed enhanced antibacterial properties, which was proved by agar
plate counting experiments. Besides, based on the multi-interactional
sites with drugs, polyphenols exhibit a strong binding affinity with
lots of antibiotics. For example, in Chen et al.’s research, tetracycline
hydrochloride-loaded electrospun nanofibers were inserted into the
hydrogel, endowing the system with sustained antibacterial perfor-
mances (Fig. 6B) [169].

5.1.3. Anti-inflammatory

For wound healing, another adverse factor is the excessive genera-
tion of reactive oxygen species (ROS) [170]. Because of the superfluous
ROS, the redox balance will be disrupted, which may further cause the
peroxidation of lipid, inactivation of enzymes, and damage of DNA [171,
172]. It has been proved that antioxidants can make a positive impact on
reducing inflammation and thus promoting wound healing [173,174].
As a kind of good antioxidant material, polyphenol-based hydrogels can
scavenge free radicals through different pathways (Fig. 6C) [19], so that
making outstanding contributions in fighting inflammation. For
instance, Zhang et al. fabricated a dopamine-modified arginine deriva-
tive (AD)-containing hydrogel system, which showed enhanced wound
healing and tissue regeneration effects due to the antioxidant and
anti-inflammatory abilities derived from AD and catechol groups [170].

5.1.4. Comprehensive wound healing

A combination of the mechanisms discussed above may show more
excellent antibacterial properties and prevent bacterial drug resistance,
which is gradually being the pursuit and tendency in this field. For
example, Zhang et al. synthesized dopamine-modified gelatin (Gel-DA)
@Ag nanoparticles and introduced them into guar gum (GG)-based
hydrogels by forming dynamic boronate-diol bonds. The prepared Gel-
DA/GG@Ag hydrogel system with superior photothermal, Ag NPs syn-
ergistic bactericidal and anti-inflammatory effects showed promising
application in bacteria-derived wound infection (Fig. 6D and E) [175].
Liang et al. developed a wound dressing hydrogel based on hyaluronic
acid-graft-dopamine and reduced graphene oxide with a series of wound
healing-promoting properties including tissue adhesiveness, antioxi-
dant, hemostatic and photothermal properties [154]. The hydrogel
platform showed the best wound healing effect in a full-thickness skin
defect mode.

Due to the early start of research on wound healing materials, and
the natures of polyphenol-based hydrogels are highly compatible with
the needs of wound healing, at present, this direction has become the
most popular biomedical application field of polyphenol-based hydro-
gels. More research outputs on wound healing and the details of
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polyphenol-based hydrogels involved are presented in Table 1.
5.2. Cancer therapy

Compared to intravenous anticancer drugs or nanomedicines, local
tumor therapy can significantly reduce the risk of systemic toxicity [184,
185]. At present, tumor resection and local radiotherapy are the most
common local treatment methods, but the persistence of a single treat-
ment cannot be guaranteed, which is easy to cause recurrence problems.
Therefore, in contrast, local long-term implant therapy through bioac-
tive materials such as hydrogels can exhibit unique advantages [186].
Polyphenol-based hydrogels with injectability, adhesion, toughness,
biocompatibility anticancer agents loading and release capacity are very
suitable for local implantation therapy of tumors [187], and the com-
bination with traditional treatment methods such as surgical resection
and local radiotherapy can often produce great therapeutic effects. In
this section, according to the different functions of load contents of
polyphenol-based hydrogels, the anticancer hydrogels are divided into
chemotherapy, photothermal therapy, and immunotherapy hydrogels to
elaborate and summarize (Table 2).

5.2.1. Chemotherapy

Polyphenol-based hydrogels are good chemotherapeutic reservoirs
that can be directly loaded with chemotherapy drugs or through the
introduction of drug-loaded nanoparticles to achieve long-lasting local
chemotherapy. Lee et al. fabricated a hydrogel platform based on mul-
tiple interactions between dopamine and phenylboronic acid-modified
hyaluronic acids for erlotinib delivery [185]. The polyphenol-based
hydrogel system displayed good injectable and self-healing properties,
which could be peritumorally injected with prolonged retention,
resulting in superior tumor-suppressive efficiencies on A549
tumor-implanted mice. In another work, Jiang et al. used
PDA-hybridized zeolitic imidazolate framework-8 loaded with cisplatin
and bone morphogenetic protein-2, which can be assembled onto the
surface of 3D-printed gelatin hydrogel scaffolds via a layer-by-layer as-
sembly strategy for sustained suppression of bone tumor recurrence and
repair of bone defects after tumor resection [188]. In addition, borte-
zomib (BTZ) was also loaded into polyphenol-based hydrogels through
boronate ester bonds between BTZ and catechol for subcutaneous and
sustained drug delivery [189].

5.2.2. Photothermal-mediated therapy

Similar to the antibacterial applications, the photothermal properties
of polyphenol-based hydrogels can also be used to mediate temperature
rise for inducing tumor ablation or triggering the subsequent treatment
processes, which have a broader research basis [190-193]. For instance,
Zhou et al. prepared a hydrogel system containing PDA-functionalized
bioactive glass nanoparticles with excellent photothermal perfor-
mances for skin-tumor therapy, which showed a tumor growth inhibi-
tion rate up to 94% in a subcutaneous skin-tumor model [132].
Moreover, in the study of Wang et al., a PDA-crosslinked collagen/silk
fibroin composite hydrogel system was fabricated, and the photothermal
properties of the system were used to trigger the release of thrombin for
blocking blood vessels [194]. The in vivo test proved that the system was
a potent candidate for the therapy of recurrence and metastasis in
triple-negative breast cancer.

5.2.3. Immunotherapy

In recent years, cancer immunotherapy had attracted more people’s
attention compared with traditional therapy and gradually become a
promising treatment strategy [195]. There are also hydrogel systems
designed for cancer immunotherapy. For example, Fan et al. developed
an injectable polyphenol-based hydrogel system loading with MnO,
nanoparticles, and a large number of autologous tumor-derived protein
antigens could be released under NIR and captured by the adhesive
hydrogel, resulting in a long-term immune-memory anti-tumor effect
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Table 1
Summary of recent studies of polyphenol-based hydrogels for would healing.
Introduced Main crosslinking methods Key properties Applicable wounds Mechanisms for References
polyphenols wound healing
TA Hydrogen bonding Adhesion; Antioxidant; Antibacterial Full-thickness skin wounds Hemostatic; [50]
Antibacterial;
Anti-inflammatory
TA Hydrogen bonding; Antioxidant; Antibacterial; Photothermal Multi-drug resistant infected Hemostatic; [46]
Polymerization effect wounds Antibacterial;
Anti-inflammatory
TA Hydrogen bonding; n-n stacking Adhesion; Toughness; Self-healing; Diabetic wounds Hemostatic; [49]
Antioxidant; Antibacterial; Antibacterial;
Anti-inflammatory
TA Hydrogen bonding; Boronate ester Self-healing; Adhesion; Conductivity; Deep wounds; Hemostatic; [176]
bonding Antioxidant; Antibacterial Diabetic wounds Antibacterial;
Anti-inflammatory
Dopamine Hydrogen bonding; Michael Self-healing; Antioxidant; Antibacterial; Bacteria-derived infected wound  Antibacterial; Anti- [175]
addition/Schiff base reaction; Photothermal effect with overexpression of reactive inflammatory
Boronate ester bonding oxygen species
Dopamine Polymerization; Hydrogen Adhesion; Toughness; Antibacterial Skin wounds Antibacterial [165]
bonding; Van der Waal’s force;
Electrostatic interaction
Dopamine Hydrogen bonding; n-r stacking; Self-healing; Adhesion; Toughness; Diabetic wounds Antibacterial [166]
Michael addition/Schiff base Antibacterial; pH-response
reaction
Dopamine Hydrogen bonding; n-n stacking; Self-healing; Adhesion; Toughness; / Antibacterial [169]
Electrostatic interaction Antibacterial; Sustained drug release
Dopamine Michael addition/Schiff base Self-healing; Adhesion; Shape adaptability Burn wounds Hemostatic; [128]
reaction; Dopamine-Fe Toughness; Antibacterial; Antibacterial
coordination
Dopamine Polymerization Adhesion; Toughness; Antibacterial; Viscera wounds with Hemostatic; [42]
haemorrhage and skin wounds Antibacterial
Dopamine Polymerization; Electrostatic Adhesion; Toughness; Antioxidant Skin wounds Anti-inflammatory [170]
interaction
Dopamine Hydrogen bonding; n- stacking; Adhesion; Toughness; Antioxidant; Infected wounds Antibacterial; Anti- [177]
Electrostatic interaction Antibacterial; inflammatory
Dopamine Michael addition/Schiff base Adhesion; Zn>* response Skin wounds / [83]
reaction; Dopamine-Fe
coordination; Hydrogen bonding;
Dopamine Michael addition/Schiff base Adhesion; Toughness; Antibacterial; Bacteria-infected wounds Antibacterial [178]
reaction; Hydrogen bonding; n-n Photothermal effect
stacking
Dopamine Michael addition/Schiff base Self-healing; Adhesion; Toughness Full-thickness skin wound / [179]
reaction; Hydrogen bonding; n-n healing
stacking
Dopamine Hydrogen bonding; n-n stacking Self-healing; Adhesion; Toughness Cutaneous wounds Hemostatic; [180]
Anti-inflammatory
Dopamine Polymerization; Self-healing; Conductivity; Adhesion; Full-thickness skin traumas Hemostatic; [154]
Hydrogen bonding; n-r stacking Antibacterial; Antioxidant; Photothermal Antibacterial;
effect; Sustained drug release
PDA Michael addition/Schiff base Self-healing; Antibacterial; Photothermal Multi-drug resistant infected Antibacterial [132]
reaction effect wounds
PDA Polymerization; Hydrogen Antibacterial; Photothermal effect; Bacteria-infected exposed Antibacterial [88]
bonding; Dopamine-Zn wounds
coordination
PDA Hydrogen bonding Self-healing; Conductivity; Diabetic wounds Antibacterial; [44]
Thermosensitivity Antioxidant; Anti-inflammatory
Antibacterial;
PDA Polymerization Toughness; Antioxidant; Skin wounds Anti-inflammatory [181]
Lignin Polymerization; Hydrogen Adhesion; Toughness; Antibacterial; Surgical operation Antibacterial [60]
bonding;
Lignin Polymerization; Electrostatic Self-healing; Toughness; Antibacterial; Skin wounds Antibacterial; Anti- [182]
interaction Antioxidant inflammatory
Catechin Polymerization; Electrostatic Antibacterial; Antioxidant; Infected severe burn wounds Antibacterial; Anti- [183]
interaction inflammatory
EGCG Polymerization Adhesion; Toughness; Antioxidant; Skin wounds Hemostatic; Anti- [55]
inflammatory
EGCG Polymerization; Boronate ester Self-healing; Toughness; Adhesion; Diabetic chronic wounds Hemostatic; [54]
bonding Antibacterial; Antioxidant; Antibacterial; Anti-
inflammatory

(Fig. 7A and B) [196]. treatment efficiency. In recent years, comprehensive anticancer hydro-
gel systems attract much attention and show excellent potential in
cancer therapy. For example, Dai et al. developed an iron oxide mag-
netic nanoparticles-doped, doxorubicin-loaded, and dopamine-

functionalized hydrogel platform (Fig. 7C and D) [197]. The

5.2.4. Comprehensive cancer therapy
The comprehensive therapy with multi-mechanism may exhibit
synergistic effects in cancer treatment, thus significantly improving the
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Table 2 the motor system severely influences the quality of life. Polyphenol-
Summary of studies of polyphenol-based hydrogels for cancer therapy. based hydrogel systems, with inherent tissue-like properties of hydro-
Cancer treatment  Introduced Key properties References gels and additional useful properties such as adhesion derived from
polyphenols polyphenol substances, are increasingly used for the repair of motor
Chemotherapy Dopamine Injectability; Self-healing; [185] system injury [163,188,198,199]. According to the composition of the
Local sustained release motor system, polyphenol-based hydrogels are mainly divided into the
Chemotherapy PDA Adhesion; High drug loading ~ [188] applications of bone injury and articular cartilage injury repair to
efficiency; Tumor elaborate and summarize (Table 3).
environment-sensitive
degradability
Chemotherapy PDA Injectability; pH-sensitive [189] 5.3.1. Bone repair
drug release; In general, bone is a dynamic tissue with the function of self-repair
Biodegradability [200]. Lots of factors like skeletal stem cells can promote the
Pho":jt_herzlal' PDA Injectability; Self-healing [1s2] self-healing of injured bones [201]. However, under certain conditions
Ezr;;t that cause severe destruction of bone, such as traumatic injury, bone
Photothermal- PDA NIR-sensitive thrombin [194] tumor resection, and osteitis, the self-healing property may not
mediated release compensate for the corresponding damage, resulting in serious bone
therapy i ) o injury, one of the most critical public health issues [19,202]. Therefore,
Immunotherapy Dopamine ?S::;:g:éig{:;abmty; (1961 there is an urgent need to develop an effective treatment that can fix
Chemoy/ Dopamine On-demand dm;y release [197] ruptured osseous tissues and facilitate healing [202,203].
photothermal Polyphenol-based hydrogels are one of the potential candidates, which
therapy improve the possibility of a combination of many characteristics, such as

combination of chemo/photothermal therapy displayed improved

antitumor effects in vivo.

5.3. Motor system injury repair

adhesion, appropriate mechanical strength, and biocompatibility [204].
For example, Bai et al. developed a robust hydrogel system with strong
bone adhesion and appropriate mechanical strength used tannic acid as
a phenolic glue molecule to interact with silk fibroin and hydroxyapatite
(Fig. 8A) [200]. The bone regenerative capacity was tested in vivo, and
the result showed that after the 8-week implantation of this system, the
formation of bone inside the original defect area was observed (Fig. 8B).

As the significant part that supports various movements, the injury of
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Table 3
Summary of studies of polyphenol-based hydrogels for motor system injury
repair.

Repair types Introduced Key properties References
polyphenols
Bone repair TA Adhesion; Toughness; [200]
Biocompatibility
Bone repair PDA Adhesion; Photothermal; [163]
property Toughness
Bone repair TA Adhesion; Toughness; In-situ [205]
injectability;
Thermosensitivity
Bone repair Dopamine Adhesion; Toughness; [206]
Biodegradability
Articular Dopamine Adhesion; Toughness; [198]
cartilage
repair
Articular EGCG Anti-inflammatory; [199]
cartilage Injectability
repair

Except for acting straightly on the defect area in bones, the
polyphenol-based hydrogel system can also be used as a coating material
of implants for bone injury therapy, which could solve the problems that
seriously impede the application of implants in bone therapy, such as
bacterial infection. Li et al. developed such an implant-coating hydrogel
with strong adhesion, biocompatibility, and photothermal property for
bacteria-killing and osteogenic differentiation promotion (Fig. 8C)
[163]. Among the main components of the hydrogel, PDA was mainly
used to produce adhesion and photothermal antibacterial effects, as well
as S-nitrosuccinic acid was leveraged to produce NO for osteogenic
differentiation by upregulating the expression of Opn and Ocn genes. The
anti-infection and bone formation effects were certified through the
experiments in vivo.

In addition, a polyphenol-based hydrogel system can also be treated
as a delivery system in bone regeneration. Chen et al. fabricated a TA-
containing composite hydrogel with adhesion and appropriate me-
chanical strength for an osteoinductive growth factor (engineered
chimeric bone morphogenetic protein-2) delivery and spatio-temporal
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controlled release, and the experiment results exhibited that the
hydrogel could effectively promote bone regeneration and accelerate
new bone formation [205]. In another study, a dopamine-modified
osteoconductive hydrogel was designed by Hasani-Sadrabadi et al. for
the delivery of gingival mesenchymal stem cell and hydroxyapatite
[206]. The research shows that the shortage of adhesion, retention, and
mechanical properties in traditional hydrogels was avoided by the
dopamine modification, and the bone regeneration ability was proved in
a well-established peri-implantitis model, showing the great potential of
craniofacial bone repair.

5.3.2. Articular cartilage repair

Articular cartilage is made up of dense connective tissue that can
reduce bone-to-bone friction and cushion vibration caused by move-
ment, which is an essential component of the motor system. Unfortu-
nately, due to the absence of blood vessels, lymphangion, and nerves,
articular cartilage owns poor regenerative and reparative abilities [207,
208]. Furthermore, small amounts of local progenitor cells and low
mobility also impede the regeneration of articular cartilage and increase
the difficulty of treatments [209]. Based on the excellent properties such
as adhesion and biocompatibility, polyphenol-based hydrogels have
been introduced to assist articular cartilage repair and many research
achievements have been achieved. For instance, Li et al. designed a
double-crosslinking dopamine-modified polysaccharide hybrid hydro-
gel with, appropriate adhesion and mechanical strength for cartilage
regeneration [198]. It can be seen from experiment results that accel-
erated proliferation, spreading, and cartilage matrix secretion of rabbit
bone marrow stem cells was manifested, and expressions of related
chondrogenic genes were promoted. Feng et al. developed a
dopamine-modified microgel assembly to deliver bone marrow mesen-
chymal stem cells and sustained release kartogenin for articular carti-
lage repair [210]. The microgel assembly with the microenvironment of
interconnected micropores and excellent adhesion ensured the high cell
viability during the process of cell culture, preservation, and injection,
which showed the promising application for cartilage repair and
regeneration both in vitro and in vivo. In addition, wear of articular
cartilage may gradually develop into osteoarthritis (OA), so the repair of
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articular cartilage damage also plays a very positive role in OA treat-
ment. Base on this, an EGCG and hyaluronic acid-containing hydrogel
constructed by Jin et al. could not only suppress inflammation but also
promote chondrogenic regeneration, which had a good application
prospect in OA treatment (Fig. 8D) [199].

5.4. Digestive system disease therapy

The digestive system consists of many organs from the oral cavity to
the large intestine and is responsible for breaking down food, absorbing
nutrients, and ridding waste products from the food. Including
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gastrohelcosis, colitis, and many oral diseases, the digestive system is an
area with a high incidence of many diseases. Moreover, the complex
environment with various food residues and digestive fluids determined
by the physiological function of the digestive system puts forward high
requirements for treatment methods. In existing studies, polyphenol-
based hydrogels have also begun to be used to participate in the ther-
apy process of digestive system-related diseases, which will be described
in this section.

5.4.1. Dental disease therapy
In the oral cavity, teeth are an extremely important organ, which is
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responsible for the vital functions of cutting, biting, and chewing food.
Nowadays, dental diseases have become one of the major global health
problems [211]. Polyphenol-based hydrogels that have lots of gorgeous
properties discussed above, show the potentials in the therapy in dental
diseases. The mechanism of applications of polyphenol-based hydrogel
in dental disease can be mainly be divided into two aspects: accelerating
bone repair or regeneration and facilitating the regeneration of cells or
tissues related to dental disease [212,213].

For the materials in the bone repair of teeth, biocompatibility, me-
chanical properties, stability, and long-term performance are the most
crucial required properties [212,214]. In the study of Zhong et al., a
dopamine-grafted hydrogel endowed with strong wet adhesion, anti-
bacterial property, injectability, in situ formation property, was
designed, and it could be treated as a bone repair material for peri-
odontitis therapy [214]. In this system, the dopamine endowed hydrogel
with strong wet adhesion and the amorphous calcium phosphate made
this hydrogel to be antibacterial.

The regeneration of tooth-related cells or tissues, such as perio-
dontium, gingival tissues, human dental pulp cells, gingival fibroblast
cells, is another mechanism in the therapies for dental disease. Recently,
many kinds of materials have been prepared in a form of tissue engi-
neering scaffolds to promote the regeneration of tooth-related cells or
tissues, and the polyphenol-based hydrogel is one of them [215-217].
Huerta et al. fabricated cellulose nanofiber hydrogels with lignin, which
can be treated as scaffolds for gingival fibroblast cells proliferation
[217]. The system was produced by high-intensity ultrasound technol-
ogy, without the need for surface modification or crosslinkers, which
showed high elasticity and excellent cells adhesion and viability for
regenerative periodontal therapy.

5.4.2. Gastric ulcer therapy

In the gastric ulcer therapy process, many properties of polyphenol-
based hydrogels can be used to enhance gastric mucosa protection and
promote recovery, including but not limited to adhesion, antibacterial
activity, anti-inflammatory activity, and cell regeneration promotion
ability [218]. For example, Xu et al. designed and prepare a hyaluronic
acid and catechol-containing enduringly and strongly adhesive hydrogel
with ultrafast and pH-independent gelation for ulcer surface protection
(Fig. 9A) [219]. The experimental results showed that the hydrogel
formed rapidly in the ulcer site could last for more than 48 h in a porcine
model, providing a strong promotion for the treatment and rehabilita-
tion of refractory gastric ulcers.

5.4.3. Other digestive diseases therapy

Postoperative anastomotic leakage (PAL) is a serious complication of
digestive fluid leakage into the abdominal cavity or chest cavity after
digestive tract reconstruction, which may cause local and systemic in-
fections and even death if not treated appropriately. A hydrogel pre-
pared with dopamine-conjugated xanthan gum was used by Huang et al.
for PAL treatment, which not only showed protective effects by strong
adhesion and significantly improving bursting pressure, but also
induced type 2 macrophage polarization of macrophages to create an
appropriate microenvironment for angiogenesis and fibroblast infiltra-
tion, and therefore promotes the recovery of PAL (Fig. 9B) [220].

5.5. Ophthalmic disease therapy

At present, the most common method for this disease is the eye drop,
which is the treatment of choice for eye infection, inflammation, glau-
coma, dry eye, and allergy [221]. However, resulting from the unique
physiology and anatomy of the eye, many disadvantages of current
therapy are still needed to be solved, such as limited bioavailability
[221]. In addition, some ophthalmic diseases involve the damage of cells
or tissue, requiring the delivery of cells or the ability to promote the
regeneration of cells or tissue [222,223]. It is difficult to develop an eye
drop with these functions, and therefore designing a novel therapy in
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ophthalmic disease is an urgent need.

As an important and effective system, because of the many excellent
properties discussed above, polyphenol-based hydrogels have been
applied in ophthalmic diseases. For example, a dopamine-functionalized
hydrogel system designed by Lee et al. with biocompatibility, adhesion,
and injectability was fabricated as a carrier for retinal pigment epithe-
lium (RPE) cell delivery for countering degeneration of RPE cells and
improving visual function [222]. The cell viability and cell-releasing
ability were tested in vitro with expected results. In another example,
Koivusalo et al. designed a dopamine-grafted and implantable tissued
adhesive hydrogel that can deliver the therapeutic stem cells for
simultaneous regeneration of corneal stroma and epithelium, which
became a new therapy for the regeneration of a severely damaged
cornea [223]. In this hydrogel, the introduction of dopamine played a
considerable role, including imparting tissue adhesive function, aug-
menting the cell viability, and endowing hydrogel with appropriate
mechanical properties. Efficient cell adhesion and better long-term cell
viability by this hydrogel were observed in vitro, and the ability to
deliver these undifferentiated cells to the corneal stroma was also
proved, indicating its potential as an implantable tissue-engineered
hydrogel for the severely damaged cornea.

5.6. Bioelectronics

Bioelectronics is an emerging subject field formed by the cross
infiltration of biological and electronic information science and has
gained great development in recent years [33]. However, the material
difference between biological tissues and electronics hinders their
interaction and restricts the further development of bioelectronics
[224]. Polyphenol-based hydrogels with tissue-like properties and
adhesion (bioaffinity) are expected to become a bridge between bio-
logical tissues and electronics and have a good application prospect in
bioelectronics.

5.6.1. Flexible electronics

In general, flexible electronics involve biosensors, biomimetic skin,
implantable bioelectrode, and so on, which have widespread applica-
tions, such as implantable bioelectronics for medical detection of elec-
trocardiography and electromyography signals, wearable electronic
devices for healthcare monitoring, electronic skins, and flexible
supercapacitors.

The wearable flexible electronic device for healthcare monitoring is
one of the major applications in flexible electronics. The pursue of
wearable flexible electronic devices is the real-time detection of various
body movements, which makes it necessary to have strong adhesion,
biocompatibility, appropriate mechanical strength, detection stability,
high sensitivity, conductive, and so on. Based on the advantages dis-
cussed above, a polyphenol-based hydrogel is a potent candidate. For
example, Mo et al. developed a TA-based hydrogel system that satisfied
most of the properties required in a wearable flexible electronic device
and showed intriguing potential in human motion and healthcare
monitoring [225]. TA played an indispensable role in this system: on the
one hand, they acted as dynamic mediators, programing multiple dy-
namic interactions with the other components, so that
ultra-stretchability, outstanding self-healing abilities were endowed, on
the other hand, catechol group in tannic acid enable this system with
outstanding adhesion. The strain sensor in monitoring various
strain-related human activities was tested, and the ability to accurately
detect the motion was certified in this research.

Implantable bioelectronics devices for monitoring the physiological
status of patients and disease treatment are also the application di-
rections in flexible electronics. The requirement for this application is
similar to a wearable flexible electronic device, and therefore,
polyphenol-based hydrogels also show unique advantages. Pei et al.
fabricated a dopamine-containing hydrogel, which could be applied to
remote monitoring of organ motions through wireless transmission
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(Fig. 10A and B) [226]. Because of the introduction of dopamine, this
hydrogel had robust and reusable tissue adhesion, stretchability,
self-healing ability, and biocompatibility.

Electronic biomimetic skin (e-skin) is also important in the flexible
electronics field [227]. Human skin is a highly sophisticated system,
with flexibility, stretchability, self-healing ability, robust sensitivity, and
resiliency to external environmental changes [228]. As the biomimetic
counterpart, e-skin can be applied for artificial intelligence,
human-machine interactions, and personal healthcare [229]. However,
enormous efforts should be made to develop the e-skin, because inte-
grating lots of required and excellent properties is difficult. Fortunately,
the polyphenol-based hydrogel may bring this field with hope because of
the properties that had been discussed above [230]. A
dopamine-introduced, transparent, and conductive hydrogel was
developed by Zhang et al. for biomimetic skin fabrication [231].
Dopamine endowed the system with many excellent performances,
including but not limited to strong adhesion, robust elasticity,
self-healing ability, and thermosensitivity. The prospect of the system to
be used as strain, pressure, and temperature sensors was verified, which
greatly contributed to the development of biomimetic skin.

5.6.2. Soft actuators

In bioelectronic applications of the polyphenol-based hydrogel, the
construction of soft actuators is another application different from
flexible electronics [232]. The requirements of this hydrogel are not
only the ability to respond to the various environmental stimuli,
including but not limited to temperature, pH, humidity, light, elec-
tricity, magnetic field, but also changing their shape and physical
properties under these environmental stimuli [232-235]. Hydrogels
satisfying these requirements have lots of applications, such as actua-
tors, artificial muscles, self-locomotion robotics, and prosthetic mate-
rials [233,236]. Zhang et al. developed a light-driven TA-based hydrogel

Bioactive Materials 17 (2022) 49-70

soft actuator, which showed promising application in the fields of bio-
mimetic devices, soft robotics, and so on (Fig. 10C and D) [237]. This
system could display programmed deformation, with the properties of
real-time spatiotemporal precision and remote control. TA in this system
played a significant role in enhancing mechanical properties, stability,
and adhesion, as well as complexing with Fe>* for realizing a control-
lable photothermal effect. ~The super-soft and dynamic
DNA/dopamine-grafted-dextran hydrogel designed by Han et al. can
respond to volume rapidly and sensitively upon solvents with different
polarities [71]. After changing the solvents, the volume of hydrogel
would undergo a fast change, demonstrating the high sensitivity of the
responsiveness. In this research, volume and shape-responsiveness,
electric circuit switched by the water/petroleum ether switch pair,
and a microbial metabolism process were tested in vitro, certifying its
potential in soft robots, controlled electro-catalysis, and so on.

5.7. Sun block and skin care

With the increasing interest of people in beauty, more and more
hydrogel systems have been developed for cosmetic applications.
Hydrogels are favored by the cosmetics industry mainly because of their
tissue-like properties such as high water content and biocompatibility
[238]. Moreover, after the introduction of polyphenols, hydrogels will
further produce adhesive, self-healing, antibacterial and antioxidant
properties, which are more suitable for skin care. Wang et al. developed
a TA-based hydrogel system with enhanced skin affinity, water resis-
tance, and self-recovery [239]. The hydrogel can prevent the skin
penetration of ultraviolet (UV) across broad UVA and UVB regions
(360-275 nm) without irritation and sensitization and could be readily
removed on demand. The long-term and stable UV protection functions
were tested in vitro and in vivo, highlighting the potential of this hydrogel
in sun block and skin care, even under sweaty and dynamic
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physiological conditions. In another study, Hong et al. designed a novel
hydrogel as a soft tissue filler to reduce skin wrinkles [240]. Due to the
crafting of dopamine, this hydrogel had numerous intriguing properties,
including enhanced mechanical properties, tissue adhesion, and
biocompatibility, which were certified both in vitro and vivo.

6. Efficient reverse design considerations

The cognition of most substances with natural origin will undergo a
similar evolution process from cognizing structures to properties, and
then considering uses. Polyphenol-based hydrogels are no exception.
After nearly 20 years of evolution and development, it has formed a clear
research vein from structures to properties to applications, which has
been described in detail above. However, for polyphenol-based hydro-
gels, the ultimate value of their research lies in producing accurate and
effective applications, thus contributing to human society. Therefore,
after understanding the natural law of the evolution of polyphenol-
based hydrogels, we need to design and make necessary modifications
of polyphenol-based hydrogels artificially, to better meet the needs of
different biomedical fields. Based on this purpose, in this section, we put
forward a new kind of polyphenol-based hydrogel reverse design
consideration. Specifically, starting from the application through a goal-
directed way, designers can consider the required properties for that
application, and then design the crosslinked structures which can pro-
duce these properties. Finally, the composition of the polyphenol-based
hydrogel can be selected to complete the entire design process.

6.1. From biomedical applications to properties

So far, the application prospect of polyphenol-based hydrogels in
biomedicine has been widely studied, but there is still a long way to go
before large-scale application in the human body. Therefore, more re-
searches will be carried out in the future to shorten the distance. In order
to improve the efficiency of future research and production of
polyphenol-based hydrogels, application orientation is a very operative
consideration. In the biomedical field, many serious diseases with high
incidences, such as severe wound infection and malignant tumor
recurrence, are urgent need to introduce persistent and effective
bioactive materials for adjuvant treatment, and considering the appli-
cation directions with high patient demand during the research subject
design of polyphenol-based hydrogels can also obtain more clinical and
relevant research data supports so that more efficient research output
can be well achieved and the requirements of more clinical patients can
be well met.

Based on the requirements of biomedical applications and rich
clinical experience, it is often possible to extract the special properties of
polyphenol-based hydrogels required for the application direction, thus
laying a foundation for the subsequent design of crosslinking structures.
Taking the research of Han et al. for an example, considering the serious
harm caused by clinical uncontrolled bleeding and infection, tissue-like
materials with strong local hemostatic sealing and anti-infection prop-
erties were urgent to be developed, which requires the materials to
possess strong adhesion and antibacterial properties in the wet envi-
ronment with much interfacial water [42]. For another example, in the
research of Wang et al., starting from the thorny clinical problem that
triple-negative breast cancer is prone to in-situ recurrence and distal
metastasis, the strategy of blocking blood vessels and inhibiting angio-
genesis was considered for local treatment, and then the local implan-
tation treatment system capable of the intelligent responsive release of
thrombin needed to be designed [194]. Therefore, the system is required
to have intelligent response units (such as photothermal substances) and
sufficient strength, toughness, and local adhesion ability.

6.2. From properties to crosslinking structures

The properties and structure of polyphenol hydrogels are always
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closely related, and the interaction of microcosmic crosslinked struc-
tures creates the properties of polyphenol-based hydrogels at the macro
level. After determining the direction of application and the necessary
properties, the microcosmic crosslinked structures of polyphenol-based
hydrogels can be reversely derived, such as the design of dynamic non-
covalent interactions and covalent bonds for toughness and self-healing
properties improvement. This part has been elaborated above on the
common crosslinking structures of polyphenol-based hydrogels and
their relationship with their unique properties. Further, when finishing
the design of the internal structure of polyphenol-based hydrogels,
suitable polyphenol substances can be selected, such as dopamine for
polymerization crosslinking, as well as TA with rich aromatic rings and
phenolic hydroxyl structures for n-n stacking and hydrogen bonding.
At this point, a complete design process of polyphenol-based
hydrogel systems is completed, and the exploration of preparation can
be started after evaluating the feasibility of experimental conditions.

7. Conclusions and perspectives

In conclusion, a class of amazing polyphenol-based hydrogel bioac-
tive materials is born through the fusion of nature-derived or/and
modified polyphenols with hydrogel materials. The 3D networks of
hydrogel constructed by several covalent and non-covalent interactions
among polyphenols and other substances produce various outstanding
properties of adhesion, toughness, strength, self-healing, photothermal,
antioxidant, and antibacterial, which can be widely used in the field of
biomedicine such as wound healing, antitumor, treatment of motor
system injury, digestive system disease, oculopathy, and bioelectronics.
In this review, the pyramid evolution of polyphenol-based hydrogels
from crosslinked structures to derivative properties and then to
biomedical applications were described in detail, as well as the efficient
reverse design considerations of these hydrogel systems were put for-
ward, which was conducive to the further development of polyphenol-
based hydrogel materials.

Although many scientific achievements have been produced in this
field, there are still some challenges that need to be overcome in the
future: (1) Most of the existing studies on polyphenol-based hydrogels
spanned the whole process from a polyphenol selection to a biomedical
application, so it is difficult to focus on a specific point for in-depth
exploration. (2) More than 8000 polyphenols have been identified, but
only a few have been used to construct polyphenol-based hydrogels.
There is still a lot of works to be done for developing other natural or
modified polyphenols as a hydrogel component for biomedical appli-
cations. (3) Polyphenol-based hydrogels have been applied in many
biomedical fields, but the distribution of these researches is very uneven.
For example, more than half of the researches have focused on wound
healing. Therefore, it is necessary to invest more time and energy to
explore more unexploited biomedical fields, to facilitate the balanced
development of polyphenol-based hydrogel researches.

Moreover, in terms of clinical application, lots of commercial
hydrogels have been used in biomedicine so far including drug delivery,
wound dressings, tissue engineering, contact lenses, and fillers [238,
2411, but the ingredients of commercial hydrogels are confined to the
substances with extensive sources, low costs, stable properties and
thorough researches such as common natural polymers (alginate,
collagen, etc.) and simple synthetic polymers (polyacrylic acid, polyvi-
nyl alcohol, etc.). Compared with them, polyphenol-based hydrogels
have unique advantages, such as owning the ability to meet the re-
quirements of adhesion, toughness, strength, and self-healing simulta-
neously, but there are also obvious problems in further application in
clinical practice. It is mainly embodied in the instability in storage and
transportation process for the easily oxidized structure, the difficulties
for some complex polyphenol-based systems to realize large-scale pro-
duction, the increased costs due to scarcity of some polyphenol sources,
and the incomplete toxicology researches, so there is still a certain dis-
tance to clinical translation. However, it is believed that with further
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research, when these problems can be greatly improved, the unique
advantages of polyphenol-based hydrogels may enable them to quickly
enter the discussion range of clinical application.

To sum up, the polyphenol-based hydrogel is a promising research
direction, but it is still in the initial stage, and there is still plenty of
works to be done. It is hoped that the summary of this review can give
more inspiration to relevant researchers and further promote the
development of polyphenol-based hydrogel materials.
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