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Recent Advances in the Development and Antimicrobial
Applications of Metal–Phenolic Networks

Yue Li, Yong Miao, Lunan Yang, Yitao Zhao, Keke Wu, Zhihui Lu, Zhiqi Hu,*
and Jinshan Guo*

Due to the abuse of antibiotics and the emergence of multidrug resistant
microorganisms, medical devices, and related biomaterials are at high risk of
microbial infection during use, placing a heavy burden on patients and
healthcare systems. Metal–phenolic networks (MPNs), an emerging
organic–inorganic hybrid network system developed gradually in recent years,
have exhibited excellent multifunctional properties such as anti-inflammatory,
antioxidant, and antibacterial properties by making use of the coordination
between phenolic ligands and metal ions. Further, MPNs have received
widespread attention in antimicrobial infections due to their facile synthesis
process, excellent biocompatibility, and excellent antimicrobial properties
brought about by polyphenols and metal ions. In this review, different
categories of biomaterials based on MPNs (nanoparticles, coatings, capsules,
hydrogels) and their fabrication strategies are summarized, and recent
research advances in their antimicrobial applications in biomedical fields
(e.g., skin repair, bone regeneration, medical devices, etc.) are highlighted.

1. Introduction

Throughout human history, pathogenic microorganisms such as
bacteria have always been an important factor in the morbidity
and mortality of human beings.[1] The discovery of antibiotics has
provided a proven way to prevent and combat these microorgan-
isms. However, the abuse of antibiotics and inadequate control
of infections often lead to resistant and recurrent infections, as

Y. Li, Y. Miao, L. Yang, Y. Zhao, K. Wu, Z. Lu, Z. Hu, J. Guo
Department of Histology and Embryology
School of Basic Medical Sciences
Department of Plastic and Aesthetic Surgery
Nanfang Hospital of Southern Medical University
Southern Medical University
Guangzhou 510515, P. R. China
E-mail: huzhiqidr163@i.smu.edu.cn; jsguo4127@smu.edu.cn
Z. Lu
Regenerative Medicine and Tissue Repair Research Center
Huangpu Institute of Materials
Guangzhou 510530, P. R. China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202202684

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/advs.202202684

well as the associated complications, re-
sulting in a major threat to public health
globally.[2,3] According to Armentano and
his colleagues, ≈2 million people in the
United States, 33 000 people in the Euro-
pean Union, and more than 3 million peo-
ple in developing countries die each year be-
cause of microbial infections caused by bac-
teria, including drug-resistant bacteria.[4,5]

The traditional antimicrobial agents used
to fight bacterial infections are still domi-
nated by antibiotics. However, due to the
corresponding resistance mechanisms of
bacteria, such as the production of pas-
sivating enzymes by bacteria, the acqui-
sition and inheritance of drug resistance
genes, the alteration of antibiotic binding
sites, the permeability of cell membranes
and active exocytosis mechanisms, as well
as the formation of bacterial biofilms, an-
tibiotics are currently encountering bottle-
necks in the control of microorganisms.[6–8]

Therefore, scientists are increasingly inclined to develop novel
antimicrobial agents to avoid the bacterial resistance and to exert
functional properties that antibiotics do not possess in specific
disease scenarios.

As the secondary metabolites found mainly in plants with phe-
nol groups as the backbone structure, polyphenols are character-
ized by the presence of at least one or more phenolic rings in the
structure and by the absence of nitrogen-containing functional
groups. Polyphenols have been intensively studied by scientists
for their intrinsic anti-inflammatory, antioxidant, antimicrobial,
hemostatic, and disease healing properties.[9] Furthermore, due
to their favorable biocompatibility and chemically reactive phe-
nolic hydroxyl groups that can chelate with metal ions, polyphe-
nols often exert synergistic antibacterial effects with metal ions
in MPNs.[10] MPNs are supramolecular inorganic–organic hybrid
networks formed on the basis of coordination between different
metal ions and phenolic ligands, similar to crystalline porous
coordination polymers (PCPs) and metal–organic frameworks
(MOFs).[11] The metal ions often used in MPNs, including Cu2+,
Eu3+, Zn2+, Mg2+, and Ag+, also possess considerable antibacte-
rial capabilities, and always have synergistic effects with polyphe-
nols. Therefore, MPNs have been considered by many scientists
as a category of powerful new antibacterial agents. On the other
hand, metal ions also possess additional functionalities useful
in the biomedical field. Cu2+ and Eu3+ are commonly reported
metal ions could promote angiogenesis, while Zn2+ and Mg2+
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are widely used in the field of orthopedic materials by promot-
ing mineralization and regulating macrophage polarization, and
Fe3+ is effective in the treatment of tumors and wounds due
to its photothermal effect and mediated Fenton reaction.[12–20]

Compared to their counterparts, MPNs exhibit better properties:
wherein, the inorganic material play a variety of roles in promot-
ing tissue regeneration, enhancing photothermal effect, exerting
antimicrobial properties, acting as an important component of a
sensor, or providing specific magnetic, electronic or electrochem-
ical properties.[21–25] And the organic components greatly expand
the range of available substrates by modifying material shape or
material substrate properties, modifying hydrophobicity, provid-
ing active reaction interfaces, contributing their specific physic-
ochemical properties such as electrical or optical properties or
acting as important components in some electrochemical or bio-
chemical reactions.[23,26,27]

MPNs, as amorphous networks, could be fabricated into vari-
ous forms such as nanoparticles, hollow capsules, and hydrogels,
and could be used as surface coating agents due to the high affin-
ity providing by phenolic hydroxyl groups.[28–35] The coordinated
self-assembly between phenolic ligands and metal ions exploiting
the unique properties of polyphenols and metal ions has a wide
range of applications in the biomedical fields.[36,37] For exam-
ple, epigallocatechin gallate (EGCG) and Mg2+ have been used to
form composite coatings in situ on orthopedic titanium implants
to enhance the osseointegration at the bone-implant interface.[38]

The tetracycline hydrochloride loade poly(acrylic acid) (PAA) hy-
drogel/composite formed by the polymerization of acrylic acid
initiated by the self-catalytic Fe3+/TA-cellulose nanofibers exhib-
ited ultrashort gel time (≈30s) and favorable antibacterial ability,
thus are promising to be applied in a wide range of biomedical
fields.[31] A MPN coordination gel based on natural low-cost tan-
nic acid (TA) and Ti4+ exhibited good in situ gelation property
and the ability to bind other metal ions. Five metal ions, includ-
ing Fe3+, Cu2+, Zn2+, Co2+, and Ni2+, were always incorporated
into MPN systems to develop smart gel dressings for the treat-
ment of infected wounds.[39] However, the above examples can
hardly encompass the applications in different biomedical areas
of MPNs as a multifunctional platform.

To date, several reviews have been published on MPNs in inter-
facial modification or nanoparticle engineering.[40–43] However,
these reviews mostly focus on the synthesis and fabrication of
interfacial coatings and nanocomplexes of MPNs, and their ap-
plications are limited on drug delivery for tumor therapy and di-
agnosis. Few reviews, systematically summarized the antimicro-
bial applications of MPNs in the biomedical fields (e.g., in der-
matology, orthopedics, or as medical devices, etc.). Therefore, in
this review, we will summarize the multifaceted antimicrobial
application potentials and mechanisms of MPNs in biomedical
fields. We mainly develop three progressive themes, including
the polyphenols and metal ions that constitute MPNs; the main
biomaterial forms and fabrication approaches of MPNs; and the
antimicrobial applications of MPN-based biomaterial in differ-
ent biomedical fields. Relevant research involves broad and in-
depth interdisciplinary issues, including not only materials sci-
ence, surface engineering, and nano-/microparticle technology,
but also physiology and pathophysiology. We start with a brief
introduction of polyphenols and metal ions commonly used in
MPNs. Thereafter, we describe the fabrication approaches and

different forms of MPNs-based biomaterials, including nanopar-
ticles, coatings, capsules, and hydrogels. Finally, we introduce the
MPN-derived antibacterial materials and highlight their antimi-
crobial applications in different biomedical fields (skin repair,
photothermal antibacterial, bone regeneration, and anti-infection
coatings on biomedical devices). Overall, this review is expected
to provide new insights and ideas for the design, preparation, and
application of MPN-based antimicrobial biomaterials, and facili-
tate their applications in a more broad field.

2. Polyphenols and Metals in MPNs

2.1. Polyphenols

As a class of naturally derived bioactive chemicals, polyphenols
are abundantly found in plants (mainly fruits, vegetables, tea
leaves, and roots).[44,45] As many as 8–9 thousands polyphenols
have been extracted and identified, their chemical structures are
therefore of great complexity and diversity (Table 1).[46] Usually
these substances have one or multiple aromatic rings and with
one or more hydroxyl groups attached to each aromatic group,
a structural feature that also gives these compounds great bi-
ological activity. The mainstream classification of polyphenols
is based on their basic chemical structure characteristics, and
they are generally classified into five main categories: flavonoids,
phenolic acids, stilbenes, lignans, and others.[47,48] The num-
ber of flavonoids and phenolic acids accounts for more than
90% of the total number of natural polyphenols. Due to their
high reactivity and diverse structures, polyphenols exhibit anti-
inflammatory, antioxidant, antibacterial, antidiabetic, and hemo-
static properties.[44,49–56]

Most polyphenols have intrinsic antimicrobial activity. The an-
tibacterial activity of polyphenols has been widely studied, the
antibacterial ability of them was reported mainly related to their
structure.[57–62] However, it is quite difficult to completely eluci-
date the antibacterial characteristics of different polyphenols due
to their wide variety in structures. In general, the main possi-
ble mechanisms are as follows: 1) interaction with the bacterial
cell wall/membrane; 2) inhibition of biofilm formation; 3) inhi-
bition of bacterial enzymes and substrate deprivation; 4) protein
regulation; 5) metal iron deprivation due to their metal-chelating
ability.[58,63–65] As a representative polyphenol approved by the
U.S. Food and Drug Administration (FDA) for the use as a food
additive, tannic acid (TA) exhibits favorable antimicrobial activ-
ity. Ramazani found that the activity of TA against Staphylococ-
cus aureus (S. aureus) and Escherichia coli (E. coli) depended on
the phenolic hydroxyl content, so higher TA concentration led
to a stronger antibacterial effect and longer duration of antibac-
terial activity.[66] Gallic acid (GA) is one of the hydrolysis prod-
ucts of TA, which produces glucose and multiple GA molecules
upon hydrolysis.[67] Simões and co-workers deemed that the inhi-
bition ability of GA against E. coli, P. aeruginosa, S. aureus poten-
tially caused by the irreversible changes of the bacterial cell mem-
brane (charge, internal and external permeability, and physico-
chemical properties) by altering hydrophobicity, reducing neg-
ative surface charge, and causing localized rupture and perfo-
ration of the bacterial cell membrane, subsequently leading to
leakage of substances necessary for bacterial survival from the
bacterial cell.[68] Most commonly used polyphenols, such as tea
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Table 1. Chemical structure of typical polyphenols.

Polyphenol Structure Polyphenol Structure

Tannic acid Catechin

Epicatechin Epicatechin-3-gallate

Epigallocatechin Epigallocatechin gallate

Gallic acid Ellagic acid

Caffeic acid Protocatechuic aldehyde

(Continued)
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Table 1. (Continued).

Polyphenol Structure Polyphenol Structure

Resveratrol Quercetin

Catechol Pyrogallol

Figure 1. The fabrication of metal–phenolic networks (MPNs), different
forms of MPNs, and the antimicrobial applications of MPNs in various
biomedical fields.

polyphenols (TPs), anthocyanins (ACs), caffeic acid (CA), and cat-
echins (Cat), have similar antimicrobial mechanisms and prop-
erties as mentioned above.

Polyphenols show great biological activity and chemical reac-
tivity due to their multiple polyphenolic hydroxyl structure can
react with various organic or inorganic substances. Their com-
mon reaction/interaction modes are: 1) hydrogen bonding; 2)
electrostatic interactions; 3) hydrophobic interactions; 4) metal
bonding; 5) covalent bonding; 6) 𝜋–𝜋 stacking.[69] Among these
polyphenol-mediated interactions, the coordination of polyphe-
nols with metal ions is our main concern in this review. Figure 1

2.2. Metal Ions

Metals (such as Ag, Au, Fe, Cu, Zn, Ca, Ti, Co, V, Zr, La, Gd, and
Tb) have been used in different material forms as antimicrobials
for centuries. The metal ions released from metal-containing

compounds can well inhibit the growth of microbes. Noble met-
als (Ag, Au) are widely used in antimicrobial scenarios, and they
are extremely poisonous to most bacteria and have antimicrobial
and bactericidal activity at exceptionally low concentrations, and
they have also been widely reported to have photothermal an-
tibacterial activity.[70–72] Further, some transition metal ions (Fe3+,
Cu2+, Zn2+, Ca2+, Ti4+, Co2+, V3+, Zr4+) also play a conventional
broad-spectrum antibacterial effect.[73] Some of these metal ions
(Fe3+, Cu2+, Zn2+, Ca2+) are also common trace elements in the
human body and play an important physiological role. Iron is
mostly found in hemoglobin, ferritin, and enzymes related to
hematopoiesis, and is an important building material for the
blood and hematopoietic system.[74] Copper ions have been re-
ported to have an important physiological role in antivascular
thrombosis and in promoting wound healing through the contin-
uous catalytic breakdown of endogenous S-nitrothiols (RSNOS)
and in situ release of nitric oxide in a controllable manner, in ad-
dition to its involvement in hematopoietic processes and as an
essential component found in several active enzymes.[75,76] Zinc
ions mostly exist in skeletal muscle, bone, liver, and skin. Zinc
is a co-catalyzer for many enzymes and an essential component
of many transcription factors, and is also involved in the synthe-
sis of many transporter proteins and zinc finger proteins.[77] Cal-
cium ions are also very important in the human body and 99% of
the body’s calcium is involved in the composition of bones and
teeth.[78] Some rare earth ions have also been found to have good
antibacterial effects. In Shi’s work, a Cat-Re3+ MPN films formed
by the self-assembly of several Re3+ (La3+, Gd3+, Tb3+) with cat-
alyzer was found to have good and long-term antibacterial effi-
ciency (>90%) against P. aeruginosa.[79] Although the antibacte-
rial mechanisms of these metal ions and the corresponding metal
compounds have not been fully explored. The widely acceptable
antimicrobial mechanisms include: 1) interaction of metal ions
with the bacterial cell membrane; 2) disruption of the bacterial
cell membrane and leakage of intracellular material due to metal
ions; 3) excitation of reactive oxygen species (ROS) by metal ions
resulting in bacteria damage; 4) binding of metal ions to related
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Figure 2. A model demonstrating the potential antibacterial mechanisms
of metal ion: a) Breakage of cell membranes leading to leakage of intra-
cellular material. b) Interaction with proteins. c) Reactive oxygen species
(ROS) production. d) Interaction with DNA. e) Inhibition of ribosome
function leading to mis-synthesis of proteins; and f) membrane pits that
appear upon exposure to metal ion.[11]

proteins, peptides, DNA and other substances, which can dam-
age such substances and affect their function (Figure 2).[80–82]

2.3. MPNs

Compared to metals and metal ions alone, MPNs have many ad-
vantages and good adaptability to various microenvironments.
Similar to mussel-inspired catechol groups, polyphenols are rich
in phenolic hydroxyl groups and have good adhesion proper-
ties to various surfaces.[40,83] Therefore, polyphenols are enable
to serve as an important mediator to introduce metal ions onto
biomaterial surfaces to exert their biological effects. MPNs are
always pH-responsive, the interaction between polyphenols and
metal ions is easier to be dissociated at low pH,[37,84,85] conferring
MPNs with pH-adjusted metal ion release ability beneficial for
different application scenarios. Most polyphenols have strong an-
tioxidant properties, which can effectively scavenge excess ROS
induced by metal ions and maintain the homeostasis of the local
microenvironmental.[86,87] Polyphenols can also synergize with
metal ions to enhance the antibacterial activity.[71]

3. Fabrication of MPNs-Based Materials

The preparation of MPNs is usually facile and efficient. Through
a simple physical mix, the positively charged metal ions sponta-
neously chelate with the electron-dense phenolic hydroxyl groups
of the polyphenols (the degree of chelation is mostly dependent
on temperature, pH, etc.), which often react spontaneously to
form particles with varying sizes (nano to micrometer scale), and
if templates with different shapes (e.g., flat, spherical, and irreg-
ular shapes) were provided, the MPNs can be well deposited to

Table 2. Different structures of MPNs.

Phenolic ligands Metal ion Structure of MPNs Refs.

EGCG Ag+ Nanoparticles [95]

PACs Ti4+ Nanoparticles [90]

TA Ag+ Nanoparticles [88]

TA Fe3+ Nanoparticles [89]

TPs Ag+ Nanoparticles [94]

TA Cu2+ Coating [98]

TA Ag+ Coating [96]

Cat La3+, Gd3+, Yb3+ Coating [79]

TA, GA, PC, PA Fe2+, Fe3+, Cu2+, Co2+, V3+ Coating [102]

PEG-polyphenol Fe3+ Capsule [106]

TA Al3+ Capsule [110]

EA, TA Zn2+ Capsule [112]

EGCG, ECG, EGC, EC Fe3+ Capsule [113]

TA Fe3+, Ti4+, Zr4+ Hydrogel [124]

TA Ag+ Hydrogel [119]

TA Ti4+ Hydrogel [117]

TA Fe3+ Hydrogel [129]

form coatings, films, and capsules depending on the shapes (Ta-
ble 2). In addition, polyphenols are often incorporated into hydro-
gel systems because of their abundant phenolic hydroxyl groups,
which also allow them to react with other substances even after
coordination with metal ions.

3.1. MPN Nanoparticles

Using the coordination of metal ions with polyphenols, a vari-
ety of MPN nanoparticles could be synthesized through a facile
one-step procedure, and other substances could also be com-
posed to confer them of different properties.[91–93] Silver ions are
one of the most common metal ions used in antimicrobial MPN
nanoparticles, which are often in situ reduced from silver ion by
polyphenols serving as reducing agents, stabilizers, and efficient
antioxidants. For example, in Dan’s work, TA and silver ions were
deposited onto degradable silica nanoparticles through a facile
one-step procedure in the presence of glutathione (GSH). The
silver ions were irreversibly released as the complex matrix de-
graded, exhibiting excellent antibacterial properties against S. au-
reus and E. coli (Figure 3a).[88] Similarly, tea polyphenols (TPs), an
extract of green tea, were also used to reduce silver ions into sil-
ver nanoparticles with excellent antimicrobial properties, and the
outermost layer was coated with polyethylene glycol (PEG) to en-
hance the dispersibility and biocompatibility of the particles.[94]

In addition, polyphenols such as catechins and EGCG can stabi-
lize the reduced silver nanoparticles to produce multifunctional
nanoparticles with superior antibacterial, anti-cancer and antiox-
idant properties.[95] Jin and his colleagues encapsulated TA and
iron ions on starch nanoparticles/nanocrystals to form composite
nanoparticles with effective antibacterial and antioxidant proper-
ties. The nanoparticles exhibited pH-responsive release due to
that Fe3+ and polyphenol phenolic hydroxyl groups are more sta-
ble under alkaline conditions and easily dissociated under acidic

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (5 of 22)
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Figure 3. a) Representation of one-pot synthesis of Ag-mesoporous organosilica nanoparticles (MONs). Reproduced with permission.[88] Copyright
2020, American Chemical Society. b) AFM and TEM images of MPN@debranched starch nanoparticles (DBS-NP) and MPN@starch nanocrystals
(SNC) systems. Reproduced with permission.[89] Copyright 2019, American Chemical Society. C) Simple schematic diagram of the synthesis of Grape
seed extract (GSE)-TiO2-NPs. Reproduced with permission.[90] Copyright 2021, Wiley-VCH.

conditions (Figure 3b).[89] Alomary performed a one-step synthe-
sis of proanthocyanidins (derived from grape seed extract) with
Ti4+, and the resulting TiO4 nanoparticles attached with polyphe-
nols showed significant inhibitory effects on pathogens associ-
ated with urinary tract infections (Figure 3c).[90]

3.2. MPN Coatings

The MPN system has been widely used as thin films and
coatings, to confer antibacterial or anti-inflammatory activities,
harmful substances filtration, or water–oil separation ability, im-
prove biocompatibility, or as drug carriers and even dyeing of
wigs.[79,96,99–103] The gallol groups on natural polyphenols can
chelate with a variety of metal ions to form MPNs, and the multi-
hydroxyl structure serving as hydrogen bonding acceptors and
donors, enabling polyphenols to interact with a wide range of
bioactive substances and also to be easily coated on various hy-

drophilic and hydrophobic surfaces.[40,101,104,105] Thus-obtained
MPN coatings often have excellent antimicrobial performance.
For instance, the accelerated deposition of TA-AgNPs nanocom-
posite coating on the surface of dimethyl siloxane (PDMS) or
other substrates under UV light brought significant antimicro-
bial activity in vivo, suggesting a potential mean for antimicrobial
applications (Figure 4a). Shi and his co-worker self-assembled
catechin with rare-earth ions (La3+, Gd3+, Yb3+) on the surface of
polyamide (PA) membranes, synergistically prevented the adhe-
sion of P. aeruginosa and the subsequent biofilm formation (Fig-
ure 4b).[79] Similarly, Cu2+ has been reported could chelate with
TA or polypamine, resulting in a MPN coating with antimicrobial
ability, superior antioxidant properties, and anti-inflammatory
properties, as well as excellent biocompatiblity beneficial for
blood contact biomedical devices (Figure 4c).[97] In Yu’s work,
they also utilized TA for rapid chelation with Cu2+ to form
a TA/Cu-PEG composite membrane together with PEG. This
composite membrane has photothermal antibacterial property,

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (6 of 22)
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Figure 4. a) SEM images and XPS spectra demonstrate the accelerated deposition of TA–Ag nanoparticles on PDMS assistant with UV light irradiation.
Reproduced with permission.[96] Copyright 2021, American Chemical Society. B) Assembly and SEM mapping images of the composite of catechins
and rare-earth ions on porous polyamide membranes. Reproduced with permission.[79] Copyright 2020, American Chemical Society. C) Preparation of
copper-catechin-based coatings.[97] Copyright 2018, American Chemical Society. D) Modification of TA/Cu-PEG composite coating. Reproduced with
permission.[98] Copyright 2021, American Chemical Society.

bacterial adhesion prevention ability, and good biocompatibility,
which is effective in preventing biofilm formation and solving
the associated infection problems in biomedical materials and
devices (Figure 4d).[98]

3.3. MPN Films and Capsules

As a system combining inorganic and organic components,
MPNs can be assembled into hollow capsules with a series fa-
vorable properties, including selective permeability, considerable
mechanical/thermal stability, and stimuli responsiveness.[107–111]

The properties of MPN capsules including membrane thickness,
disassembly properties, and fluorescence behavior are mostly
determined by the coordinated metal ions.[112–116] In addition,
many functional polyphenol derivatives introduced by combin-
ing natural polyphenol ligands with (bio)macromolecules have
been extensively investigated. The preparation of MPN capsules
can be easily achieved by facile deposition of MPN coating on
the surface of a template followed by removing of the substrate
template (Figure 5a).[37] Caruso and his colleagues obtained flat
films, spherical capsules as well as ellipsoidal capsules using
TA and Fe3+ depositing on templates with different shapes (Fig-
ure 5b). Interestingly, they found that the stoichiometric ratio
adjustment can affect the thickness of the film as well as the
surface roughness, and the concentration of Fe3+ is the main
factor affecting the thickness of the capsule or film when the
amount of TA is relatively higher than Fe3+. At the same time,
this MPN capsule showed pH-dependent decomposition, they
were apt to dissociate in more acidic microenvironments. The
color of the capsule suspension is also PH-dependent, with the
suspension being colorless at pH < 2, blue at 3 < pH < 6, and

red at pH > 7.[36] To address the poor water solubility of dietary
flavonoids (Myricetin (Myr), quercetin (Que), fisetin (Fis), and
luteolin (Lut)), Caruso also ligated these flavonoids with metal
ions and assembled them into capsules and films, making them
more water-soluble, while still possessing superior antioxidant
activity and free radical scavenging ability, with future potential
as cytoprotective and inflammation scavenging coatings. Over-
all, the chemical network enables aqueous deposition on pla-
nar and particle templates with a fast and easy assembly pro-
cess at low cost, coupled with pH responsiveness and negligible
cytotoxicity.

A series of multifunctional MPN capsules have been exten-
sively studied and developed. For instance, PEG-polyphenols
were used for the assembly of coordination complexes with Fe3+,
which exhibited rapid assembly, low contamination, and pH-
compatible properties. Compared to TA-MPN capsules, PEG-
MPN capsules exhibit reduced nonspecific protein adsorption
and cell binding, as well as a faster degradation rates under spe-
cific pH values (Figure 5c). Another drug sustained release cap-
sule with pH responsiveness is a simple mixture of polystyrene
sulfonate (PSS) doped calcium carbonate particles with adri-
amycin (DOX) followed by deposition of MPN ligand films of TA
and Al3+ around the composite template to obtain monodisperse
DOX-loaded MPN capsules.[110] Hollow capsules composed of
GA/Fe3+ were found to possess redox activity and controlled “on-
off” regulatory properties and could be used for electrochemical
studies.[114] Based on the synergistic interaction of metal–organic
frameworks (MOFs) with natural polyphenols under weak alka-
line conditions, this simple strategy enables the direct fabrication
of various phenolic functional materials or metal–phenol frame-
works (MPFs) with controlled hollow nanostructures (polyhe-
dra core–shell, corrugated, hollow cage, etc.) and controlled size,

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (7 of 22)
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Figure 5. a) Assembly of TA and different metal ions on sphere templates followed template removal resulted in MPN capsules. Reproduced with
permission.[37] Copyright 2014, Wiley-VCH. B) Planar deposition of MPNs and SEM, AFM, TEM imaging of spherical and ellipsoidal MPN capsules.[36]

c) Rapid assembly of Fe3+ with PEG-polyphenol on a sphere template followed by template removal to give PEG-MPN capsules. Reproduced with
permission.[106] Copyright 2015, American Chemical Society.

morphology, roughness and composition, such as Zn-EA hollow
cages, Fe-EA polyhedra, PB-based MPF, and Au@Co-MPF.[112]

3.4. MPN Hydrogel

Hydrogels are gels with a 3D network structure, have attracted
great interest of biomaterial scientists for many years and are
used in a wide range of applications due to their hydrophilic and
biocompatible properties.[120–122] The multihydroxyl structures
of polyphenols allow them to cross-link with other substances
through covalent or noncolvent bonds, such as chelating with
metal ions or forming dynamic ester bonds.[119,123] Among these
polyphenols, TA is considered to be the best choice for the prepa-
ration of gels due to its high density hydroxyl structure and good
water solubility.[105] For example, the appropriate ratio of TA and
Ti4+ in N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone
(NMP), and aqueous solution can form MPN gels directly. How-
ever, the direct in situ gelation was not observed for other metal
ions such as Fe3+ or other transition metal ions, suggesting that
this phenomenon is unique for group IVB metal elements.[124]

Meanwhile, the same supramolecular MPN gels formed by TA
and Ti4+ were used as a medium for the crystallization of ac-
tive pharmaceutical ingredients (API) (Figure 6a). These gel-API
crystalline composites can continuously release drug, indicating
a great potential as drug carrier.[117] An adsorption system with a
high affinity to various metal ions formed by cross-linking of TA
and Zr4+, could spontaneously gel within 3 min. The system was
optimized by adjusting the polyphenol/metal ion ratio to 1:1.2 so
that most of the chelating sites of tannins in the system could be
used to capture other metal ions. In addition, the system exhib-
ited good pH and thermal stability, and has the best metal ion

adsorption and removal efficiency at pH 5.[125] Interestingly, for
the above types of MPN gels, Steven and his colleagues found that
these MPN gels exhibited excellent biocompatibility and low im-
munogenicity in vivo.[126] Furthermore, MPN hydrogels showed
longer drug sustained-release time (from <1 to 10 days) compar-
ing with Pluronic F127 hydrogels commonly used in vivo.[127,128]

Some smart responsive MPN gels have also been intensively
investigated. TA/Fe3+ was incorporated into poly(N-isopropyl
acrylamide) (PNIPAAm) hydrogels as a photothermal sensor.
Where TA is linked to PNIPAAm by hydrogen bonding during
in situ polymerization through its abundant pyrogallol and cate-
chol groups. TA and Fe3+ enhanced the mechanical properties
of the hydrogel while conferring excellent photothermal prop-
erties as well as reproducible deformation behavior upon near-
infrared (NIR) irradiation.[129] Another smart hydrogel formed
by the combination of protocatechualdehyde (Cat) and Fe3+ ex-
hibited excellent dynamic properties and multiresponsiveness to
different stimuli (temperature, light, pH, electricity, and redox),
as well as a good antibacterial activity (Figure 6b).[118] Some hy-
drogels play an important role in tissue repair by close wounds,
sealing tissues, and providing antimicrobial and hemostatic activ-
ities. Guo reported a bioadhesive formed through a simple one-
step Michael addition of TA and gelatin under oxidizing condi-
tions, followed by further cross-linking by silver nitrate, to give
in situ reduced silver nanoparticles loaded bioadhesive possess-
ing that excellent antimicrobial ability (Figure 6c).[119]

4. Antibacterial Application of MPNs-Based
Biomaterials

Two is better than one is an opposite description of MPNs.
Compared to metal ions and phenolic substances, their dynamic

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (8 of 22)
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Figure 6. a) Spontaneous gel formation of TA and Ti4+ and drug active ingredients. Reproduced with permission.[117] Copyright 2018, Wiley-VCH.
B) Smart hydrogels with dynamic covalent bonds prepared from protocatechualdehyde, Fe3+, and aminoglycosides. Reproduced with permission.[118]

Copyright 2019, American Chemical Society. C) Synthesis of sliver nitrate crosslinked tannic acid modified gelatin (Gel-TA-SN) hydrogels for tissue repair.
Reproduced with permission.[119] Copyright 2018, Elsevier.

interactions give MPNs additional advantages and properties: 1)
the polyhydroxy structure of polyphenols can chelate metal ions
to form a stable chemical network; 2) the structure formed can
provide a slow release of antibacterial metal ions (and therefore
prolong the duration of antibacterial activity); 3) polyphenols can
reduce the cytotoxicity of metal ions; 4) polyphenols can reduce
the level of reactive oxygen species (ROS) provoked by metal ions,
protecting cells, and surrounding tissues; 5) polyphenols can play
a synergistic antibacterial role with metal ions; 6) some MPNs
have unique photothermal antibacterial effects, etc. MPNs pre-
senting different material morphologies (hydrogels, dressings,
coatings, scaffolds, etc.) are widely used in biomedical fields such
as skin wound healing and regeneration, bone tissue repair, med-
ical implants, and electronic smart tissue engineering (Table 3).

A large number of MPNs have been reported to show excel-
lent antibacterial properties. At present, the use of MPNs mainly
depends on their application scenarios. For example, Fe3+ can
be incorporated to confer the MPNs with favorable photothermal
properties, Cu2+ can be used to promote angiogenesis, Zn2+ can
be used to promote bone regeneration, and Ca2+ can be used to
accelerate blood clotting. For polyphenols, more abundant phe-
nolic hydroxyl groups tend to result in better performance of
MPNs. We believe that along with more and more systematic re-
search on MPNs emerging, the design principles and modifica-
tion approaches of MPNs will be gradually clarified in the near
future. The recent research progress of the antimicrobial appli-
cations of MPNs in different biomedical fields are listed below.

4.1. Skin Repair

4.1.1. Wound Healing and Skin Regeneration

Today, acute and chronic wounds caused by trauma and many
different diseases is a significant healthcare challenge. Wound
healing is essentially a series of pathophysiological processes of
tissue loss due to the action of damage-causing factors, followed
by local tissue repair, reconstruction, and regeneration.[133] There
are various types of wounds, namely acute wounds, chronic
wounds, infected wounds, etc. And various types of biomate-
rials are used in wound healing, including dressings, hydro-
gels, tissue adhesives, etc.[134] For the pathophysiological char-
acteristics of wound healing, the ideal biomaterials for wound
healing should have the characteristics of nontoxicity, preven-
tion of bacterial infection, strong adhesion, wetting, absorption
of excess exudate at the wound, good physical and mechanical
properties, and low cost.[134] In particular, it is important to em-
phasize that the problem of prolonged wound healing due to
infection by harmful bacteria occupies the dominant position
in wounds. White et al. analyzed the microorganisms of more
than 2000 chronic wounds by 16S rRNA sequencing technol-
ogy, and bacteria such as S. aureus and P. aeruginosa were the
main species.[135] MPNs with excellent antimicrobial properties
can meet most of the requirements for biomaterials in trauma
applications and is undoubtedly an excellent candidate in this
regard.

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (9 of 22)
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Table 3. The antimicrobial applications of different forms of MPN-based biomaterials.

Phenolic ligands Metal ion Structure of MPNs Bacteria Application Refs.

PAs Cu2+ Ch/PAs-Cu Sponge Dressing S. aureus, E. coli Wound healing [140]

EGCG Ag+ HG-Ag-EGCG Hydrogel patches S. aureus, E. coli., P. seudomonas, B. subtilis Wound healing [143]

TA Zn2+ CTZ1-4 Hydrogels E. coli Wound healing [150]

Lignin Ag+ NPs-P-PAA hydrogel S. epidermidis, E. coli Wound healing [131]

Cat Fe3+ LFe-CMC-MC Hydrogels S. aureus Wound healing [151]

EGCG Mg2+ Mg/EGCG/ HTCC-Ce6 Nanoparticles S. aureus, E. coli Wound healing [155]

TA Ag+ STA hydrogel S. aureus, E. coli Infected wound healing [130]

PA Fe3+ QCS-PA@Fe Hydrogel S. aureus, E. coli, MRSA Infected wound healing [137]

TA Fe3+ HPCH/TA/Fe hydrogels S. aureus, E. coli Infected wound healing [142]

TA Fe3+ MoS2@TA/Fe NSs Hydrogel S. aureus, E. coli Infected wound healing [153]

TA Fe3+ HPCH/TA/Fe Hydrogel S. aureus, E. coli Infected wound healing [136]

TA Fe3+ ATF hydrogels S. aureus Infected wound healing [154]

Qr Ti4+ TiO2@UCN/Qr/LA Coating S.aureus Bone regeneration [161]

TA Ag+ PU/AgTHA Microparticulates S. aureus Orthopaedic antibacterial implant [159]

TA Ag+ Citrate-based tannin-bridged bone composite S. aureus, E. coli Lumbar fusion [160]

TA Fe3+ TBA-Ag coating S. aureus Catheter-associated infection [172]

GA Cu2+ CuII-GA/CySA Coating S. aureus, E. coli Medical device anti-infection [171]

PG Ag+, Mg2+ pPG/Ag/Mg Coating MRSA Catheter-associated infections [175]

Lignin Fe3+ Fe-SL-g-PAA Hydrogel — Human–machine electronics [180]

MPNs are often used in combination with various other
components such as chitin, sodium alginate, chitosan, silk
fibroin, and polyacrylamide to optimize their functional
properties.[130,136–142] For example, a bioadhesive based on
silk fibroin (SF), TA loading with silver nanoparticles was
developed, in which TA can both spontaneously interact with
SF to form an adhesive matrix network and reduce silver ions
in situ to generate silver nanoparticles, which has high wet
adhesion strength, good self-healing ability, and cytocompati-
bility. And when the silver nitrate concentration is greater than
0.05 wt%, the prepared silk tannic acid (STA) bioadhesive has
good in vitro antibacterial properties and has a high poten-
tial for application in infected wound healing (Figure 7a).[130]

Similarly, plant-inspired adhesive hydrogel containing lignin,
silver nanoparticles, pectin, and pectin acrylic acid (AA) formed
a multicrosslinked interpenetrating network of covalent and
noncovalent bonds conferring excellent mechanical properties
to the hydrogel, while the lignin–silver nanoparticles construct
a dynamic and durable catechol redox system that continuously
generates catechol groups that can provide durable adhesion to
this gel (Figure 7b). In addition, the adhesive hydrogel exhibited
excellent toughness and antibacterial activity, while the NPs-P-
PAA hydrogel-treated tissue regenerated well in the Sprague
Dawley (SD) rat full skin wound model, with ordered collagen
fibers and regenerated hair follicles (Figure 7c).[130,131] Zhu
and co-workers prepared a cellulose crystal (CNC)-Ag@AgCl
nanocomposite with excellent toughness and good antibacterial
properties by a simple one-step procedure and stabilized in the
network of sodium alginate hydrogel with the help of TA, which
has potential applications in infected wound healing.[141] In
addition, hydrogel-Ag-EGCG (HG-Ag-EGCG) hydrogel patches
composed of EGCG and silver nanoparticles, CG-Ag-Q wound
dressings formed by PODA/AgNPs/quercetin doped in PDMS,

and bimetallic Au@AgNPs with surface modification of various
polyphenols have been developed for the healing of infected or
noninfected wounds and have shown remarkable antimicrobial
performance.[143–145]

From the above series of work on the application of MPNs
in wound repair, it can be seen that silver is among one of the
most widely used metal ions due to its antibacterial, antifun-
gal, and antiviral activities. Silver is known to have a general an-
tibacterial effect against Gram-positive and Gram-negative bac-
teria, such as S. aureus, E. coli., P. aeruginosa, Streptococcus, As-
pergillus, and many drug-resistant bacteria such as methicillin-
resistant S. aureus (MRSA), erythromycin-resistant Streptococcus,
and ampicillin-resistant E. coli. Antimicrobial agents and bioma-
terials designed based on silver are widely used, and microorgan-
isms are less capable of developing resistance to them. Silver ions
or silver nanoparticles have long been one of the most commonly
used nanomaterials in healthcare systems.[146] The antibacterial
mechanism of silver has been widely studied by scientists, and
currently, there are several antibacterial mechanisms as follows:
1) silver nanoparticles and silver ions both act on the disulfide
bonds of bacterial proteins and interact with the protein struc-
ture, making the bacteria dysfunctional; 2) silver ions can in-
hibit the replication and proliferation of bacteria by binding to
bacterial DNA and denaturing it, where silver ions can bind to
sulfhydryl proteins, leading to condensation and denaturation of
DNA, which eventually leads to bacterial death; 3) silver ions are
positively charged and the bacterial surface is negatively charged,
resulting in electrostatic attraction between the two and subse-
quent deposition of silver on the bacterial surface; 4) due to their
small particle size, silver nanoparticles are able to enter the bacte-
rial cell, resulting in intracellular nanoparticle deposition that af-
fects bacterial function; 5) silver nanoparticles can generate ROS
and free radicals to damage bacteria; 6) silver nanoparticles can

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (10 of 22)
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Figure 7. a) Schematic diagram of the preparation of (Silk Tannic Acid) STA hydrogel and its antibacterial performance. Reproduced with permission.[130]

Copyright 2020, Royal Society of Chemistry. B) Design strategy for the plant-inspired tough, self-adhesive, and antibacterial Ag-Lignin NPs-pectin-
polyacrylic acid (NPs-P-PAA) hydrogel. c) Therapeutic effect of NPs-P-PAA hydrogel on rat wounds. b,c) Reproduced under the terms of a Creative
Commons Attribution 4.0 International License.[131] Copyright 2019, The Authors, published by Springer Nature. d) Preparation of a temperature and
pH-sensitive hydroxypropyl chitin (HPCH)/TA/Fe composite hydrogel against microbial infections. Reproduced with permission.[132] Copyright 2020,
Elsevier.

disrupt the bacterial cell wall leading to leakage of bacterial in-
tracellular contents and affecting bacterial homeostasis.[146] In
addition, there are some potential mechanisms such as the ef-
fect of silver on some proton pumps and membrane proteins on
the surface of bacterial cytosol and the loss of glutathione have
also been reported.[147–149] In conclusion, natural polyphenols of
plant origin are used as a natural, inexpensive, convenient, and
eco-friendly biological reducing agent for the synthesis of silver
nanoparticles at room temperature, and the MPN antibacterial
system composed of both is very simple, economical, and green-
friendly for the application in the field of wound healing.

Besides silver ions, various metal ions such as copper, iron,
and zinc ions have their corresponding antimicrobial effects and
are used as a component of MPN systems and in combination
with other substances for wound healing applications. For in-
stance, a traumatic dressing prepared by surface modification
of chitin fibers using proanthocyanidins (PAs) ligated with Cu2+

were shown to have antibacterial, antioxidant, and proangiogenic
effects. On the one hand, PAs conferred antioxidant activity to
chitin sponges. On the other hand, with the aid of PAs, Cu2+

could effectively catalyze S-nitrosothiols (RSNOs) and sustain the
production of nitric oxide (NO) in vitro and in vivo, which en-

hanced the proangiogenic activity and antibacterial activity. At the
same time, the wound was shown to effectively promote cell pro-
liferation and expression of related vascular growth factors such
as vascular endothelial growth factor (VEGF), fibroblast growth
factor (FGF), and matrix metalloproteinase 9 (MMP9) and regu-
late the level of inflammation in the wound, ultimately promot-
ing wound healing and inhibiting scar formation.[140] In contrast,
a thermosetting and Ph-responsive hydrogel constructed from
TA, Zn2+, and carboxy agarose was found to inhibit NO produc-
tion by macrophages to suppress inflammation levels, and it also
proved to have excellent antimicrobial properties due to the pres-
ence of TA as well as Zn2+, with practical translational implica-
tions in the trauma field.[150] Due to the complexity of the wound
microenvironment, the preparation of gels or dressings that are
responsive to conditional stimuli (temperature, pH, light, etc.) is
of particular importance. A hydroxypropyl chitin (HPCH)/TA/Fe
composite hydrogel composed of hydroxypropyl chitin, TA and
iron ion, which is also pH-responsive and thermosensitive, is
capable of rapid gelation at physiological temperature, which
means that the precursor solution of this hydrogel can be in-
jected onto arbitrarily irregularly shaped wound areas and per-
fectly form a gel to cover the wounds (Figure 7d). In the low pH

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (11 of 22)
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Figure 8. a, i) Dual dynamic cross-linked QCSPA@Fe hydrogel consisting quaternary ammonium chitosan complexed with protocatechualdehyde (PA)-
Fe. ii) Temperature difference with and without quaternized chitosan protocatechualdehyde (QCSPA)@Fe hydrogel as shown by infrared thermal images
and the bacterial plates after QCSPA@Fe hydrogel plus infrared treatment. Reproduced with permission.[137] Copyright 2021, American Chemical Society.
b, i) Schematic representation of the preparation of MoS2@TA/Fe-PVA/Dex hydrogels with dual enzymatic activity and their promotion of skin repair and
re-epithelialization through photothermal antibacterial, oxygen release, anti-inflammatory, antioxidant, and proangiogenic mechanisms. ii) Photographs
and SEM images of bacterial colonies after hydrogel treatment plus NIR irradiation. Reproduced with permission.[153] Copyright 2022, Elsevier.

microenvironment of the wound, the MPNs of TA and Fe3+

within the hydrogel slowly dissociates, releasing TA and
Fe3+ with broad-spectrum and long-lasting antibacterial activ-
ity (7 days).[136] Lee reported another Fe3+-containing metallo-
polyphenol blue cross-linked hydrogel, which is mainly com-
posed of two different chitosan (catechol modified methacry-
loyl chitosan, CMC; methacryloyl chitosan, MC acryloyl chitosan,
MC) formed by a gel network of high crosslinking density linked
by carbon–carbon double bonds simultaneously crosslinked with
a catechol-Fe3+ network. The design of this hydrogel with double
cross-linked dual network resulted in photocrosslinking proper-
ties, injectability, excellent toughness, tissue adhesion, excellent
hemostatic properties, and antimicrobial activity, which also ex-
hibited a better ability to promote wound healing in addition to a
mouse model of infected wounds. It is worth to mention that the
catechol-Fe3+ chelating network of the hydrogel can be covalently
linked with thiol, amino, imidazole, and other groups, which fun-
damentally enhances the adhesion of the gel to tissues. In the
mechanical test, the lap shear strength of the gel to pigskin was

18.1 kPa, 5 times higher than that of commercially available and
widely used fibrin glue (the gold standard of tissue adhesive).[151]

Mg2+ was reported to bind to bacterial cellulose after chelating
with TA. This hydrogel released TA and Mg2+ uninterruptedly,
and effectively inhibited the biofilm formation rate of S. aureus
and P. aeruginosa by about 80% and 87%, respectively, after co-
culture with bacteria for 24 h.[152]

4.1.2. Photothermal Antibacterial and Skin Regeneration

Photothermal therapy, a physical method that does not rely on
antibiotics, has shown great potential as a new noninvasive
technique for the treatment of bacteria and their biofilms. Its
main principle is the conversion of light energy into heat to
cause membrane disruption, protein deformation, and finally
irreversible death of bacteria.[156] Conventional inorganic pho-
tothermal materials such as various metal nanoparticles (Au, Ag,
Cu), carbon-based nanoparticles (graphene, carbon nanotubes),

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (12 of 22)
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Figure 9. a) ATF hydrogel is composed of agarose, TA, and Fe3+ and its antibacterial properties. Reproduced with permission.[154] Copyright 2019,
Elsevier. b) A nanoparticle introduced with chlorin e6 (Ce6) photosensitizer and mainly composed of Mg-EGCG-HA complex with antibacterial properties.
Reproduced with permission.[155] Copyright 2019, American Chemical Society. c) Performance of Mg/EGCG nano complex to promote wound healing
in infected rats and immunohistological staining of wound tissue (H & E, Masson, CD31, CD68). Reproduced with permission.[155] Copyright 2019,
American Chemical Society.

transition metal sulfides (CuS, WS2, MoS2), polymer-based
nanomaterials (polyaniline, poly(3,4-ethylenedioxythiophene),
polydopamine (PDA)), and organic small molecules (anthranilic
dyes (indocyanine green, cypate, IR780 and IR825), prussian
blue, black phosphorus, and red phosphorus) have been inte-
grated into biomaterial systems and are widely used as photother-
mal antimicrobial agents.[154,156–158] Recently, scientists found
that some multifunctional MPN composites also exhibit excel-
lent photothermal properties. In a recent attempt, a smart hydro-
gel containing dual dynamic crosslinks, coordination between
catechol and Fe3+, as well as reversible imine bonds (formed by
Schiff base relation between protocatechuic aldehyde and quater-
nary ammonium chitosan (QCS)) was developed, exhibiting self-
healing, pH-responsive, and on-demand removable properties.
Notably, this hydrogel showed a mild photothermal antimicrobial
ability upon the irradiation of near-infrared (NIR) light at 808 nm,
and almost inhibited most of the pathogens at a power density of
1.4 W cm−2 and a irradiation time of 5–10 min, and its ability to
heal MRSA infected animal wound was also demonstrated on an
animal model (Figure 8a).[137] Molybdenum disulfide (MoS2), a
transition metal sulfide, has been reported to have photothermal
and peroxidase-like nanoenzymatic properties. In Fan’s work,
TA-Fe3+ modified MoS2 nanosheets were immobilized in a hy-
drogel network consisting of polyvinyl alcohol and dextran to con-
fer the hydrogel with both favorable photothermal antimicrobial
ability and peroxidase-like enzymatic activity, which could inhibit
almost 100% growth of S. aureus and E. coli. in vitro and promote
the healing of infected wound healing in vivo (Figure 8b).[153]

Xu’s group also developed TA-Fe3+ compositing agarose hydrogel
with excellent photothermal antimicrobial property, which could
kill 99% bacteria assistant with NIR irradiation (Figure 9a).[154]

Unlike photothermal therapy, photodynamic therapy is a method
that uses photosensitizers to produce toxic ROS for the destruc-
tion of pathogens or cure of tumor. Wang used a photosensitizer
chloride e6 (Ce6) coupled to quaternary ammonium chitosan and
then compounded with Mg/EGCG coordination compound to
prepare a multifunctional nanoparticle with synergistic chemical
and light responsiveness, which could kill bacteria by producing
ROS, at the same time EGCG was oxidized by ROS causing the
release of Mg2+ from Mg/EGCG, thus synergistically promoted
the healing of infected wounds (Figure 9b,c).[155] Overall, in most
of these studies, whether photothermal therapy (PTT) or pho-
todynamic therapy (PDT) was utilized to combat wound bacte-
rial infections, the increase in temperature and the production of
toxic ROS were kept within a controlled range, avoiding excessive
damage to the surrounding normal tissues. The strategy combin-
ing these strategies with biomaterials possesses the feasibility of
applications involving microbial control of various infectious dis-
eases (e.g., infected wounds, infected bone defects, periodontal
infections, etc.), and the future research focusing in smart and
even programmable control of temperature and ROS will be a
promising area with potential applications.

4.2. Bone Regeneration

Bone defects caused by trauma, fracture, osteomyelitis, or bone
tumor resection are often accompanied by infection, leading
to poor clinical prognosis.[162–165] MPNs combine the specific
functions of metal ions and polyphenol ligands, exhibiting
unique advantages that are tailored to the desired properties
of orthopedic biomaterials. Natural polyphenols contain plenty

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (13 of 22)
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Figure 10. a, i) Application of PU/AgTHA composite microparticulates (MPs) in an infected femoral condylar defects animal model. ii) H&E and Mas-
son‘s images of infected bone defects. iii) 2D CT images showing the effect of PU/AgTHA to the infected bone defects. Reproduced with permission.[159]

Copyright 2021, Elsevier. b) Citrate-based tinnin-bridged bone composites (CTBCs) fabricated by tannin and silver nanoparticle modified hydroxyapatite
(AgTHA) covalently crosslinking with biodegradable citrate-based bioelastomeric poly(octamethylene citrate) (POC). Reproduced with permission.[160]

Copyright 2020, Wiley-VCH. c, i) The in vitro antimicrobial performance of CTBCs against E.coli and S.aureus. ii) CTBCs were used in a rabbit lum-
bar fusion model.[160] Copyright 2018, Wiley-VCH. d) An anti-infection and osseointegration-promoting coating consisting of La-doped titanium
dioxide/quercetin/L-arginine (TiO2@UCN/QR/La) with rare earth elements was implanted into the tibia of mice and irradiated with a 1060 nm laser to
combat microbial infection. Reproduced with permission.[161] Copyright 2021, Elsevier. e) Photographs of bacterial colonies, bacterial live/dead images,
and bacterial SEM images after TiO2@UCN/QR/La treatment. Reproduced with permission.[161] Copyright 2021, Elsevier.

phenolic hydroxyl groups providing tissue adhesive, antioxidant,
and anti-inflammatory properties in addition to metal ions chelat-
ing ability, and some specific polyphenols have antimicrobial
properties themselves. On the other hand, metal ions bring addi-
tional functions to MPNs, for example, Mg2+ has been reported
to beneficial to osteogenesis and angiogenesis, Zn2+ has antibac-
terial, immunomodulatory, cellular metabolism-regulating, and
osteogenic properties, while Ca2+ is an important component of
bone and involves in important physiological processes such as
ion transport in osteogenesis and osteolysis, the introduction of

these osteogenesis-related metal ions is very important for bone
regeneration.[87,166] MPNs can be involved in the preparation of
bone composites as one of the important components of sur-
face modification coatings or biomaterials, which are useful in
the treatment of orthopedic diseases by their inherent intrinsic
antibacterial ability or photothermal antimicrobial ability. Chen
et al. prepared an Ag-HA/TA composite coating by forming an
array of anatase type titanium dioxide nanotubes on the surface
of a titanium substrate through anodic oxidation and anneal,
followed by TA coating and the deposit of silver nanoparticles
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Figure 11. a) Cu2+-GA/CySA coating deposited on polyvinyl chloride (PVC) medical catheters can be used to fight microorganisms and to induce
the production of nitric oxide. b) Schematic diagram of a PVC medical catheter used for jugular arteriovenous shunts in New Zealand Rabbits. c)
Antibacterial performance of Cu2+-GA/CySA coated catheters. a–c) Reproduced with permission[171] Copyright 2019, Royal Society of Chemistry. d)
One-step synthesis of hydrophobic benzalkonium chloride modified tannic acid (TBA) deposited on catheters by TA and benzalkonium chloride (BAC)
has stability and antimicrobial properties. e) In vivo antimicrobial study, HE staining images, inflammation index, and bacterial colony counting of bare
and TBA-coated cannula in animals. f) The bacterial inhibition zone study of TBA coated catheter. d–f) Reproduced with permission.[172] Copyright 2019,
Royal Society of Chemistry.

reduced by TA in situ from Ag+. The coating exhibited strong an-
tioxidant and antibacterial properties, and has promising appli-
cations in the field of oral implantation and bone formation.[167]

Our group has prepared tannic acid-modified hydroxyapatite
(THA) and tannic acid-silver nanoparticle-modified hydroxya-
patite (Ag-THA), respectively, by a simple one-step method,
and we compounded them with polyurethane (PU) to produce
250–425 μm composite microparticulates (MPs).The in vitro
and in vivo antibacterial experiments demonstrated that PU/Ag-
THA exhibited superior antibacterial properties and the inhibi-
tion of bacterial growth benefited bone regeneration evidenced
by the evaluated expression of osteogenesis-related osteocalcin
(OCN) and Runt-related transcription factor 2 (RUNX2) as well
higher bone mineral density in PU/Ag-THA compared with other
groups (Figure 10a).[159] Our group also used the same system
(Ag-THA) to composite with poly(octamethylene citrate) (POC)
prepolymer to prepare citrate-based tannin-bridged bone com-
posites (CTBCs) for lumbar fusion (Figure 10b), which exhib-
ited favorable antimicrobial as well as enhanced osteoconductiv-
ity and osteoinductivity (Figure 10c).[160] Zhang et al. constructed
an array of titanium dioxide nanospade on titanium implants by
hydrothermal reaction, followed by doping with ytterbium and
erbium rare earth elements and covalently binding quercetin
(Qr) under secondary hydrothermal and 1060 nm laser irradia-
tion, respectively, and finally electrostatically adsorbing the nega-
tively charged quercetin with the positively charged L-arginine to
form the final nanocomposite coating (Figure 10d). Notably, the
coating can work simultaneously through PTT, PDT, NO release
and quercetin’s own effect. The rare earth elements Yb and Er
are capable of generating reactive oxygen species upon irradia-
tion with NIR-II light. And the polyphenolic substance Qr as a
flavonoid inhibited tumor growth, while producing antibacterial,
anti-inflammatory, and antiosteoporotic effects, which demon-
strated the multifunctionality of MPNs (Figure 10e).[161] Silib-

inin is an extract of the plant Silymarin (Artichoke), which be-
longs to the group of flavonoid lignans. It has been reported that
its Zinc silibinin complex [Zn(sil)(H2O)2] formed by the coordi-
nation of silibinin with Zn2+, which can play a role in promot-
ing bone growth through the specific miR-590/smad7 signaling
pathway. Not only that, but the complex also exhibited extraordi-
nary provascular and antibacterial effects, which have potential
application as a bone tissue engineering drug.[168] In addition
to antibacterial ability, many different MPNs such as TA/Ca2+,
TA/Mg2+, EGCG/Mg2+, TA/Sr2+, and Kaemferal/Zn2+ exhibiting
effective osteogenic property, thus suitable for the wide applica-
tions in bone regeneration.[38,87,166,169,170]

4.3. Anti-Infection Coatings on Biomedical Devices

Medical devices associated infections, such as suture infections,
prosthetic valve infections, hernia repair mesh infections, syringe
infections, catheter infections, and other related infections, have
become a nonnegligible major medical problem. The risk of en-
docarditis (caused by infection) in patients with prosthetic heart
valves implanted more than 20 years ago has been reported to be
7–15%. Catheter-associated urinary tract infections (CAUTI) are
the most common hospital-acquired infections, with an average
chance of 3.1–7.5 per 1000 catheter days. The infection rate for
ventral hernia repair mesh fell in 1–10%. Bacteria are present in
two main forms: 1) planktonic bacteria and 2) bacteria presenting
in biofilms. The infections associated with medical devices are
mainly caused by biofilms. Biofilms are composed of extracellu-
lar matrix secreted by the cells themselves, mainly composed of
proteins, polysaccharides, DNA, RNA, and phospholipids, which
are highly resistant to external stimuli.[173] Currently, it is believed
that bacterial biofilms are formed in four main stages: 1) adhe-
sion, 2) accumulation, 3) maturation, and 4) detachment. In the

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (15 of 22)

 21983844, 2022, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202202684 by C

ochraneC
hina, W

iley O
nline L

ibrary on [12/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advancedscience.com

Figure 12. a) Schematic representation of the ability of curcumin/Fe-SiO2 nanocomplex to inhibit scar regeneration and promote skin and hair follicle
regeneration; the immunohistochemical staining of the skin and its appendages of mice are also presented. Reproduced with permission.[176] Copyright
2021, Elsevier. b,i) Preparation of Cu2+-poly(carboxylbetaine-co-dopamine methacrylamide) copolymer (PCBDA) coating on contact lens surface with
antibacterial and antifouling properties. ii) The Live/Dead stained 3D images of E. coli and S. aureus attached to the contact lens surface detected by
laser scanning confocal microscopy (LSCM) and the determined biofilm thickness. iii) The antibacterial performance of contact Cu2+-PCBDA coated
lenses against C. albicans, S. aureus, E. coli, and P. Ae ruginosa. Reproduced with permission.[177] Copyright 2020, American Chemical Society.

last stage, the bacteria released from the biofilm will find new
sites of adhesion and cause a wider range of secondary infections,
which is the main reason why bacterial-associated infections are
difficult to completely eradicate once biofilms were formed.[174]

MPNs are likely to be a better choice than antibiotics as a novel
antimicrobial agent for these difficult bacterial biofilm infections.
Inspired by the surface chemistry of catecholamines and MPNs,
Yang et al. developed a bifunctional coating consisting of gal-
lic acid, Cu2+, and cystaminevia a facile one-step impregnation
(Figure 11a). Cu2+ not only exerts its antithrombotic ability in
synergy with gallic acid through its inherent antimicrobial prop-
erties, but also exhibits glutathione peroxidase (GPx) like activ-
ity to catalyze the production of NO from RSNO in blood (Fig-
ure 11b). In order to verify their antithrombotic ability, they were
subjected to in vitro perfusion experiments on New Zealand Rab-

bits, and the lumen was barely occluded after 30 days test (Fig-
ure 11c).[171] O-phenylthriol (PG) and Ag+/Mg2+ were chelated
and covered onto the inner and outer surfaces of the catheter,
to reduce the hemolytic properties of silver without affecting its
antimicrobial function, the coating can be also applied to other
medical devices other than catheters (syringes, sutures, surgical
instruments) or used in the development of antiseptic solutions
and cleanrooms.[175] Another antimicrobial coating for the pre-
vention of catheter-associated infections (CAI) was constructed
by a one-step assembly of TA and benzalkonium chloride (BAC)
under alkaline conditions (pH 9) by electrostatic interaction (Fig-
ure 11d). The coating is colorless and transparent, has good bio-
compatibility and broad-spectrum antimicrobial activity, and can
be further enhanced by mixing with silver nitrate solution (Fig-
ure 11e,f).[172]
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Figure 13. a) TA-Fe3+ self-assembled coatings were used to seal dentin microtubules on enamel to avoid tooth sensitivity and prevent potential bacterial
infections.[178] b, i) Antibacterial properties of GA/CCS/DNSA/Eu3+ hydrogels. ii) Schematic diagram of the sensing mechanism of GA/CCS/DNSA/Eu3+

hydrogels and the luminescent and self-healing properties. iii) Fluorescence excitation properties of GA/CCS/DNSA/Eu3+ hydrogels. Reproduced with
permission.[179] Copyright 2020, American Chemical Society.

4.4. Other Fields

In addition to the antimicrobial applications in major fields such
as skin wound repair, bone repair, and medical devices, MPNs
have also been involved in scarless healing and hair regenera-
tion, dental implants, and contact lenses coating, and even in
wearable devices and smart sensing, where MPNs played an-
timicrobial roles and also served as components of flexible fab-
rics or gels.[180] In the process of skin wound repair, the for-
mation of scar is closely related to hair follicle regeneration.
Chang designed a composite nanoparticle composing meso-
porous silica/curcumin/Fe3+ with potential antibacterial ability,
scar formation inhibition, and hair follicle promotion effects
(Figure 12a). Based on the starting point that long-term con-
tact lens (CL) wear may lead to eye dryness and CL-related mi-
crobial keratitis (MK), Yu developed an MPN antimicrobial net-
work consisting of Cu2+, and poly(carboxy betaine-co-dopamine-
methacrylamide) copolymer (PCBDA), where the catechol moi-
ety and Cu2+ exhibited strong adhesion and broad-spectrum an-
tibacterial activity, respectively. It is an effective strategy to pre-
vent corneal infections (Figure 12b).[177] Although MPNs are less
used in dentistry, TA, PG, and tea polyphenols have been reported
to be used for antibiofilm infections in dental implants.[181] The

self-assembled TA/Fe3+ films have been used to cover dentin
tubules of human teeth, which can be effective in prevent-
ing tooth hypersensitivity as well as potentially infectious in-
flammation (Figure 13a).[178] In the field of smart materials,
Wang et al. reported a multifunctional stimuli-responsive lu-
minescent GA/CCS/DNSA/Eu3+ hydrogel made from catechol-
modified carboxymethyl chitosan (CCS), phenylboronic acid-
modified gelatin (GA-DBA), 3,5-dinitrosalicylic acid (DNSA), and
rare earth element Eu3+ ions after a simple heating-cooling mix-
ture. This GA/CCS/DNSA/Eu3+ hydrogel exhibited shape mem-
ory, self-healing, information storage, naked-eye sensing of glu-
cose, and antimicrobial activity (Figure 13b), which showed re-
versible luminescence properties and phase change under the
stimulation of temperature, salt, acid-base, and redox, as well
as excellent antibacterial effect against Bacillus subtilis and S.
aureus.[179]

5. Conclusions and Outlook

In recent years, metal–phenolic networks (MPNs) have been in-
creasingly used to combine with other substances and apply to
skin wound healing, bone tissue repair, medical devices modifi-
cation, and anti-infection smart devices. However, the literature
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Figure 14. The future developing trends of MPNs.

review on this part is sketchy or blank. Therefore, in this re-
view, we focus on the antimicrobial applications of MPNs formed
by the chelation of polyphenols with metal ions in the biomed-
ical fields and outline the recent research progress. MPNs,
as an amorphous chemical network of organic–inorganic hy-
bridization, exist in various material forms (coatings, hydrogels,
nanoparticles, capsules), and different forms of biomaterials play
corresponding roles according to the different scenarios required
for antibacterial purposes. At the same time, the preparation pro-
cess of MPNs is simple and fast, green chemistry, and its most
unique advantage is that the properties of polyphenols and metal
ions themselves can be combined and then mutually modified or
synergistically enhance each other’s functions, with better perfor-
mance and properties compared to single materials. Specifically
in the antibacterial aspects of the performance of polyphenols
and metal ions own inherent antibacterial properties, they work
synergistically, the antibacterial effect is more obvious, while the
good biocompatibility of natural polyphenols in a certain degree
to reduce the biotoxicity of metal ions. Second, in some MPNs
more unique photothermal effects to combat microorganisms.
Overall, in the current context of bacterial resistance and antibi-
otic abuse in the medical field, this system has quite significant
advantages in the control of microorganisms in the biomedical
fields.

Although the antibacterial application of MPNs in biomedical
fields has achieved exciting results, it is still worthy of our consid-
eration and investigation regarding the easy oxidation of polyphe-
nols, the potential cytotoxicity of MPNs (too high concentration
of polyphenols and metal ions, inappropriate ratio), and whether
the photothermal antimicrobial or antimicrobial effect of MPNs
and its biocompatibility can reach a balance or not.[182] In ad-
dition to their outstanding performance in antibacterial, MPNs
are expected to show great vitality in the future. At present, more
and more works try to include binary or multicomponent metal
ions rather than monometal in a single MPN (Figure 14).[71,85]

Compared with monometallic-MPNs, multimetallic-MPNs will
be expected to exhibit more excellent multifunctional properties.
In terms of bioactive biomaterials, polyphenols have been re-
ported to be able to extensively combine with bioactive molecules
(DNA, RNA, protein), and the biomaterials composed of MPNs

and bioactive molecules is highly anticipated (Figure 14).[183–185]

Further, in the context of artificial intelligence, biomaterials with
intelligent responsiveness and smart functions will attract much
attention. In addition to the stimuli responsiveness (pH, tem-
perature, fluorescence) that have been reported for MPNs, some
MPNs structures have also been found to have unique phototaxis
characteristics in recent years.[186] MPNs materials incorporating
the above-mentioned smart functions have the potential to serve
as biosensors or nanorobots in the future (Figure 14). With the
further development of material science, we expect that biomate-
rials based on the MPNs will be designed more rationally and be-
come a multifunctional platform suitable for advanced biomedi-
cal applications.

Acknowledgements
This work was supported by the Natural Science Foundation of China
(Grant Nos. U21A2099, 82102545, 81772104, 81902013, 81971889, and
81701929), and the Natural Science Foundation of Guangdong Province
(Grant Nos. 2019A1515012170 and 2017A030310120).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
antimicrobial, coating, medical device modification, metal–phenolic net-
works (MPNs), wound healing

Received: May 8, 2022
Revised: June 23, 2022

Published online: July 25, 2022

[1] G. B. Rogers, J. Ward, A. Brown, S. L. Wesselingh, Lancet 2019, 393,
728.

[2] S. Cheeseman, A. J. Christofferson, R. Kariuki, D. Cozzolino, T.
Daeneke, R. J. Crawford, V. K. Truong, J. Chapman, A. Elbourne, Adv.
Sci. 2020, 7, 1902913.

[3] L. Tan, Z. Zhou, X. Liu, J. Li, Y. Zheng, Z. Cui, X. Yang, Y. Liang, Z. Li,
X. Feng, S. Zhu, K. W. K. Yeung, C. Yang, X. Wang, S. Wu, Adv. Sci.
2020, 7, 1902070.

[4] I. Armentano, C. R. Arciola, E. Fortunati, D. Ferrari, S. Mattioli, C. F.
Amoroso, J. Rizzo, J. M. Kenny, M. Imbriani, L. Visai, Sci. World J.
2014, 2014, 410423.

[5] D. Raoult, M. Leone, Y. Roussel, J. M. Rolain, Lancet Infect. Dis. 2019,
19, 128.

[6] F. J. Alvarez-Martinez, E. Barrajon-Catalan, V. Micol, Biomed 2020,
8, 405.

[7] P. Sharma, J. R. J. Haycocks, A. D. Middlemiss, R. A. Kettles, L. E.
Sellars, V. Ricci, L. J. V. Piddock, D. C. Grainger, Nat. Commun. 2017,
8, 1444.

[8] M. Yu, S. L. Chua, Med. Res. Rev. 2020, 40, 1103.
[9] M. Abbas, F. Saeed, F. M. Anjum, M. Afzaal, T. Tufail, M. S. Bashir,

A. Ishtiaq, S. Hussain, H. A. R. Suleria, Int. J. Food. Prop. 2017, 20,
1689.

[10] Y. L. Liao, Y. C. Yao, Y. L. Yu, Y. Zeng, Colloids Interface Sci. Commun.
2018, 25, 1.

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (18 of 22)

 21983844, 2022, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202202684 by C

ochraneC
hina, W

iley O
nline L

ibrary on [12/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advancedscience.com

[11] Y. N. Slavin, J. Asnis, U. O. Hafeli, H. Bach, J. Nanobiotechnology
2017, 15, 65.

[12] S. Kargozar, F. Baino, S. Hamzehlou, R. G. Hill, M. Mozafari, Trends
Biotechnol. 2018, 36, 430.

[13] P. Gao, B. Fan, X. Yu, W. Liu, J. Wu, L. Shi, D. Yang, L. Tan, P. Wan,
Y. Hao, S. Li, W. Hou, K. Yang, X. Li, Z. Guo, Bioact. Mater. 2020, 5,
680.

[14] L. Ye, J. Xu, J. Mi, X. He, Q. Pan, L. Zheng, H. Zu, Z. Chen, B. Dai,
X. Li, Q. Pang, L. Zou, L. Zhou, L. Huang, W. Tong, G. Li, L. Qin,
Biomaterials 2021, 275, 120984.

[15] Y. Li, W. Xiu, K. Yang, Q. Wen, L. Yuwen, Z. Luo, X. Liu, D. Yang, X.
Xie, L. Wang, Mater. Horiz. 2021, 8, 1264.

[16] X. Lin, Y. Fang, Z. Hao, H. Wu, M. Zhao, S. Wang, Y. Liu, Small 2021,
17, 2103303.

[17] R. Yang, G. Li, C. Zhuang, P. Yu, T. Ye, Y. Zhang, P. Shang, J. Huang,
M. Cai, L. Wang, W. Cui, L. Fu, Sci. Adv. 2021, 7, 3816.

[18] H. Wu, Q. He, L. Li, L. Li, Z. Zhou, N. Chen, M. Yang, Q. Luo, B.
Zhang, R. Luo, L. Yang, Y. Wang, Chem. Eng. J. 2022, 427, 130932.

[19] Y. Wang, Y. Liu, J. Li, X. Xu, X. Li, Nanotoxicology 2020, 14, 1381.
[20] S. Shen, S. Cai, X. Bao, P. Xu, Y. Li, S. Jiang, G. Xu, Chem. Eng. J.

2018, 339, 7.
[21] L.-Q. Fu, X.-Y. Chen, M.-H. Cai, X.-H. Tao, Y.-B. Fan, X.-Z. Mou, Front.

Bioeng. Biotechnol. 2020, 8, 576348.
[22] S. Y. Chen, J. Lu, T. H. You, D. P. Sun, Coord. Chem. Rev. 2021, 439,

213929.
[23] Y. Fu, L. Yang, J. Zhang, J. Hu, G. Duan, X. Liu, Y. Li, Z. Gu, Mater.

Horiz. 2021, 8, 1618.
[24] F. Eisner, G. Foot, J. Yan, M. Azzouzi, D. G. Georgiadou, W. Y. Sit,

Y. Firdaus, G. C. Zhang, Y. H. Lin, H. L. Yip, T. D. Anthopoulos, J.
Nelson, Adv. Mater. 2021, 34, 2104654.

[25] S. Parola, B. Julián-López, L. D. Carlos, C. Sanchez, Adv. Funct.
Mater. 2016, 26, 6506.

[26] T. Kitao, Y. Zhang, S. Kitagawa, B. Wang, T. Uemura, Chem. Soc. Rev.
2017, 46, 3108.

[27] H. Geng, Q. Z. Zhong, J. Li, Z. Lin, J. Cui, F. Caruso, J. Hao, Chem.
Rev. 2022, https://doi.org/10.1021/acs.chemrev.1c01042.

[28] X. Wang, J. Yan, D. Pan, R. Yang, L. Wang, Y. Xu, J. Sheng, Y. Yue, Q.
Huang, Y. Wang, R. Wang, M. Yang, Adv. Healthcare Mater. 2018, 7,
1701505.

[29] Y. Ju, C. Cortez-Jugo, J. Chen, T. Y. Wang, A. J. Mitchell, E. Tsantikos,
N. Bertleff-Zieschang, Y. W. Lin, J. Song, Y. Cheng, S. Mettu, M. A.
Rahim, S. Pan, G. Yun, M. L. Hibbs, L. Y. Yeo, C. E. Hagemeyer, F.
Caruso, Adv. Sci. 2020, 7, 1902650.

[30] J. Huang, J. Meng, S. Chen, S. Zhang, T. Liu, C. Li, F. Wang, Biosens.
Bioelectron. 2020, 164, 112310.

[31] Y. Chen, D. Wang, A. Mensaha, Q. Wang, Y. Cai, Q. Wei, J. Colloid
Interface Sci. 2022, 606, 1457.

[32] Y.-L. Yu, P.-F. Li, C.-L. Zhu, N. Ning, S.-Y. Zhang, G.-J. Vancso, Adv.
Funct. Mater. 2019, 29, 1904402.

[33] J. Sun, D. Xue, W. Shan, R. Liu, R. Liu, H. Zhao, T. Li, Z. Wang, J.
Zhang, B. Shao, ACS Sens. 2021, 6, 2129.

[34] Z. Wang, Y. Zou, Y. Li, Y. Cheng, Small 2020, 16, 1907042.
[35] W. Cheng, X. Zeng, H. Chen, Z. Li, W. Zeng, L. Mei, Y. Zhao, ACS

Nano 2019, 13, 8537.
[36] H. Ejima, J. J. Richardson, K. Liang, J. P. Best, M. P. van Koeverden,

G. K. Such, J. Cui, F. Caruso, Science 2013, 341, 154.
[37] J. L. Guo, Y. Ping, H. Ejima, K. Alt, M. Meissner, J. J. Richardson, Y.

Yan, K. Peter, D. von Elverfeldt, C. E. Hagemeyer, F. Caruso, Angew.
Chem., Int. Ed. 2014, 53, 5546.

[38] S. Lee, Y. Y. Chang, J. Lee, S. K. Madhurakkat Perikamana, E. M. Kim,
Y. H. Jung, J. H. Yun, H. Shin, Biomater. Sci. 2020, 8, 3404.

[39] H. T. P. Anh, C. M. Huang, C. J. Huang, Sci. Rep. 2019, 9, 11562.
[40] H. Ejima, J. J. Richardson, F. Caruso, Nano Today 2017, 12, 136.
[41] L. Q. Xu, K. G. Neoh, E. T. Kang, Prog. Polym. Sci. 2018, 87, 165.

[42] C. Zhang, B. Wu, Y. Zhou, F. Zhou, W. Liu, Z. Wang, Chem. Soc. Rev.
2020, 49, 3605.

[43] W. Zhang, R. Wang, Z. Sun, X. Zhu, Q. Zhao, T. Zhang, A. Cholewin-
ski, F. K. Yang, B. Zhao, R. Pinnaratip, P. K. Forooshani, B. P. Lee,
Chem. Soc. Rev. 2020, 49, 433.

[44] Y. Kim, J. B. Keogh, P. M. Clifton, Nutrients 2016, 8, 17.
[45] G. Williamson, Nutr. Bull. 2017, 42, 226.
[46] F. Cardona, C. Andres-Lacueva, S. Tulipani, F. J. Tinahones, M. I.

Queipo-Ortuno, J. Nutr. Biochem. 2013, 24, 1415.
[47] Y. Zhou, J. Zheng, Y. Li, D. P. Xu, S. Li, Y. M. Chen, H. B. Li, Nutrients

2016, 8, 515.
[48] R. Tsao, Nutrients 2010, 2, 1231.
[49] N. Yahfoufi, N. Alsadi, M. Jambi, C. Matar, Nutrients 2018, 10, 1618.
[50] C. Garcia, C. N. Blesso, Free Radical Bio. Med. 2021, 172, 152.
[51] Z.-J. Chen, M. A. Farag, Z.-F. Zhong, C. Zhang, Y. Yang, S.-P. Wang,

Y.-T. Wang, Adv. Drug Delivery Rev. 2021, 176, 113870.
[52] Z.-M. Yan, Y.-Z. Zhong, Y.-H. Duan, Q.-H. Chen, F.-N. Li, Anim. Nutr.

2020, 6, 115.
[53] K. B. Pandey, S. I. Rizvi, Oxid. Med. Cell. Longev. 2009, 2, 270.
[54] H. Kumar, K. Bhardwaj, N. Cruz-Martins, E. Nepovimova, P. Olek-

sak, D. S. Dhanjal, S. Bhardwaj, R. Singh, C. Chopra, R. Verma, P. P.
Chauhan, D. Kumar, K. Kuca, Molecules 2021, 26, 3447.

[55] J.-W. Chen, L.-P. Qiu, Q.-L. Li, J. Ai, H.-Q. Liu, Q.-H. Chen, Mat. Sci.
Eng. C 2021, 123, 111958.

[56] T. Hussain, B. Tan, Y. Yin, F. Blachier, M. C. Tossou, N. Rahu, Oxid.
Med. Cell. Longevity 2016, 2016, 7432797.

[57] Y. Xie, J. Chen, A. Xiao, L. Liu, Molecules 2017, 22, 1913.
[58] E. Coppo, A. Marchese, Curr. Pharm. Biotechnol. 2014, 15, 380.
[59] M. Daglia, Curr. Opin. Struct. Biol. 2012, 23, 174.
[60] D. Karou, M. H. Dicko, J. Simpore, A. S. Traore, Afr. J. Biotechnol.

2005, 4, 823.
[61] Y.-X. Xie, J. Chen, A.-P. Xiao, L.-L. Liu, Molecules 2017, 22, 1913.
[62] L. Bouarab-Chibane, V. Forquet, P. Lanteri, Y. Clement, L. Leonard-

Akkari, N. Oulahal, P. Degraeve, C. Bordes, Front. Microbiol. 2019,
10, 829.

[63] K. Brudzynski, K. Abubaker, D. Miotto, Food Chem. 2012, 133, 329.
[64] C. Papuc, G. V. Goran, C. N. Predescu, V. Nicorescu, G. Stefan,

Compr. Rev. Food Sci. Food Saf. 2017, 16, 1243.
[65] M. Song, Y. Liu, T. Li, X. Liu, Z. Hao, S. Ding, P. Panichayu-

pakaranant, K. Zhu, J. Shen, Adv. Sci. 2021, 8, 2100749.
[66] A. Dabbaghi, K. Kabiri, A. Ramazani, M. J. Zohuriaan-Mehr, A. Ja-

handideh, Polym. Adv. Technol. 2019, 30, 2894.
[67] S. Choubey, S. Goyal, L. R. Varughese, V. Kumar, A. K. Sharma, V.

Beniwal, Mini-Rev. Med. Chem 2018, 18, 1283.
[68] A. Borges, C. Ferreira, M. J. Saavedra, M. Simoes, Microb. Drug. Re-

sist. 2013, 19, 256.
[69] M. Zhang, S. Gao, D. Yang, Y. Fang, X. Lin, X. Jin, Y. Liu, X. Liu, K.

Su, K. Shi, Acta Pharm. Sin. B 2021, 11, 2265.
[70] C. Zhang, L. Huang, D.-W. Sun, H. Pu, J. Hazard. Mater. 2022, 426,

127824.
[71] Y. Xie, S. Chen, X. Peng, X. Wang, Z. Wei, J. J. Richardson, K. Liang,

H. Ejima, J. Guo, C. Zhao, Bioact. Mater. 2022, 16, 95.
[72] T. Kim, Q. Zhang, J. Li, L. Zhang, J. V. Jokerst, ACS Nano 2018, 12,

5615.
[73] J. A. Lemire, J. J. Harrison, R. J. Turner, Nat. Rev. Microbiol. 2013, 11,

371.
[74] R. S. Zeidan, S. M. Han, C. Leeuwenburgh, R. Xiao, Ageing Res. Rev.

2021, 72, 101510.
[75] X.-Y. Zhang, Y.-B. Wang, J. Liu, J. Shi, D. Mao, A. C. Midgley, X. G.

Leng, D.-L. Kong, Z.-H. Wang, B. Liu, S.-F. Wang, Chem. Eng. J. 2021,
421, 129577.

[76] M. Wu, Z. Lu, K. Wu, C. Nam, L. Zhang, J. Guo, J. Mater. Chem. B
2021, 9, 7063.

[77] J. E. Coleman, Annu. Rev. Biochem. 1992, 61, 897.

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (19 of 22)

 21983844, 2022, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202202684 by C

ochraneC
hina, W

iley O
nline L

ibrary on [12/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advancedscience.com

[78] K. Li, X.-F. Wang, D.-Y. Li, Y.-C. Chen, L.-J. Zhao, X.-G. Liu, Y.-F. Guo, J.
Shen, X. Lin, J. Deng, R. Zhou, H.-W. Deng, Clin. Interventions Aging
2018, 13, 2443.

[79] L. Liu, X. Xiao, K. Li, X. Li, K. Yu, X. Liao, B. Shi, ACS Appl. Mater.
Interfaces 2020, 12, 22237.

[80] S. Stankic, S. Suman, F. Haque, J. Vidic, J. Nanobiotechnology 2016,
14, 73.

[81] S. Yougbare, C. Mutalik, G. Okoro, I.-H. Lin, D. I. Krisnawati, A. Jazi-
die, M. Nuh, C. C. Chang, T. R. Kuo, Int. J. Nanomed. 2021, 16, 5831.

[82] B. Jia, X. Du, W. Wang, Y. Qu, X. Liu, M. Zhao, W. Li, Y. Q. Li, Adv.
Sci. 2022, 9, 2105252.

[83] Y. Zhang, L. Shen, Q.-Z. Zhong, J. Li, Colloids Surf., B 2021, 205,
111851.

[84] Z. Zhang, L. Xie, Y. Ju, Y. Dai, Small 2021, 17, 2100314.
[85] K. Xu, M. Zhou, M. Li, W. Chen, Y. Zhu, K. Cai, Appl. Surf. Sci. 2020,

511, 145569.
[86] Z. Li, X. Huang, L. Lin, Y. Jiao, C. Zhou, Z. Liu, Chem. Eng. J. 2021,

419, 129488.
[87] X. Gao, Q. Wang, L. Ren, P. Gong, M. He, W. Tian, W. Zhao, Chem.

Eng. J. 2021, 426, 131825.
[88] Y. Zhang, Y. He, C. Shi, M. Sun, C. Yang, H. Li, F. Chen, Z. Chang, X.

Zheng, Z. Wang, W.-F. Dong, J. She, D. Shao, ACS Sustainable Chem.
Eng. 2020, 8, 1695.

[89] Y. Qin, J. Wang, C. Qiu, Y. Hu, X. Xu, Z. Jin, ACS Sustainable Chem.
Eng. 2019, 7, 17379.

[90] M. N. Alomary, M. A. Ansari, Chemistry 2021, 27, 5817.
[91] J. Zhou, Z. Lin, Y. Ju, M. A. Rahim, J. J. Richardson, F. Caruso, Acc.

Chem. Res. 2020, 53, 1269.
[92] Z. Lin, J. Zhou, C. Cortez-Jugo, Y. Han, Y. Ma, S. Pan, E. Hanssen, J.

J. Richardson, F. Caruso, J. Am. Chem. Soc. 2020, 142, 335.
[93] G. Wang, J. Qin, Y. Zhao, J. Wei, J. Colloid Interface Sci. 2019, 544,

241.
[94] W. R. Rolim, M. T. Pelegrino, B. de Araújo Lima, L. S. Ferraz, F. N.

Costa, J. S. Bernardes, T. Rodigues, M. Brocchi, A. B. Seabra, Appl.
Surf. Sci. 2019, 463, 66.

[95] S. Das, L. Langbang, M. Haque, V. K. Belwal, K. Aguan, A. S. Roy, J.
Pharm. Anal. 2021, 11, 422.

[96] X. He, K. Gopinath, G. Sathishkumar, L. Guo, K. Zhang, Z. Lu, C. Li,
E.-T. Kang, L. Xu, ACS Appl. Mater. Interfaces 2021, 13, 20708.

[97] X. Li, P. Gao, J. Tan, K. Xiong, M. F. Maitz, C. Pan, H. Wu, Y. Chen,
Z. Yang, N. Huang, ACS Appl. Mater. Interfaces 2018, 10, 40844.

[98] Y. Wang, Y. Zou, Y. Wu, T. Wei, K. Lu, L. Li, Y. Lin, Y. Wu, C. Huang, Y.
Zhang, H. Chen, Q. Yu, ACS Appl. Mater. Interfaces 2021, 13, 48403.

[99] M. Godoy-Gallardo, M. C. Manzanares-Cespedes, P. Sevilla, J. Nart,
N. Manzanares, J. M. Manero, F. J. Gil, S. K. Boyd, D. Rodriguez,
Mater. Sci. Eng. C 2016, 69, 538.

[100] R. Wang, X. Zhao, N. Jia, L. Cheng, L. Liu, C. Gao, ACS Appl. Mater.
Interfaces 2020, 12, 10000.

[101] Z. Chen, M. A. Farag, Z. Zhong, C. Zhang, Y. Yang, S. Wang, Y. Wang,
Adv. Drug Delivery Rev. 2021, 176, 113870.

[102] H. Geng, L. Zhuang, M. Li, H. Liu, F. Caruso, J. Hao, J. Cui, ACS Appl.
Mater. Interfaces. 2020, 12, 29826.

[103] W. Luo, G. Xiao, F. Tian, J. J. Richardson, Y.-P. Wang, J.-F. Zhou, J.-L.
Guo, X.-P. Liao, B. Shi, Energy Environ. Sci. 2019, 12, 607.

[104] J. Guo, Y. Ping, H. Ejima, K. Alt, M. Meissner, J. J. Richardson, Y.
Yan, K. Peter, D. von Elverfeldt, C. E. Hagemeyer, F. Caruso, Angew.
Chem., Int. Ed. Engl. 2014, 53, 5546.

[105] H. Wang, C. Wang, Y. Zou, J. Hu, Y. Li, Y. Cheng, Giant 2020, 3,
100022.

[106] Y. Ju, J.-W. Cui, M. Mullner, T. Suma, M. Hu, F. Caruso, Biomacro-
molecules 2015, 16, 807.

[107] R. Ameloot, F. Vermoortele, W. Vanhove, M. B. Roeffaers, B. F. Sels,
D. E. De Vos, Nat. Chem. 2011, 3, 382.

[108] J. Shi, L. Zhang, Z. Jiang, ACS Appl. Mater. Interfaces 2011, 3, 881.

[109] X. Wang, Z. Jiang, J. Shi, Y. Liang, C. Zhang, H. Wu, ACS Appl. Mater.
Interfaces 2012, 4, 3476.

[110] Y. Ping, J. Guo, H. Ejima, X. Chen, J. J. Richardson, H. Sun, F. Caruso,
Small 2015, 11, 2032.

[111] Y. Wei, Z. Wei, P. Luo, W. Wei, S. Liu, Artif. Cell. Nanomed. B 2018,
46, 1552.

[112] H. Wang, W. Zhu, Y. Ping, C. Wang, N. Gao, X. Yin, C. Gu, D. Ding,
C. J. Brinker, G. Li, ACS Appl. Mater. Interfaces 2017, 9, 14258.

[113] M. A. Rahim, M. Bjornmalm, N. Bertleff-Zieschang, Y. Ju, S. Mettu,
M. G. Leeming, F. Caruso, ACS Appl. Mater. Interfaces 2018, 10, 7632.

[114] P. V. Cherepanov, M. A. Rahim, N. Bertleff-Zieschang, M. A. Sayeed,
A. P. O’Mullane, S. E. Moulton, F. Caruso, ACS Appl. Mater. Interfaces
2018, 10, 5828.

[115] Y. Gao, S.-C. Yang, M.-H. Zhu, X.-D. Zhu, X. Luan, X.-L. Liu, X. Lai,
Y. Yuan, Q. Lu, P. Sun, J. F. Lovell, H.-Z. Chen, C. Fang, Small 2021,
17, e2100789.

[116] Z. Liu, Z. Le, L. Lu, Y. Zhu, C. Yang, P. Zhao, Z. Wang, J. Shen, L. Liu,
Y. Chen, Nanoscale 2019, 11, 9410.

[117] M. A. Rahim, Y. Hata, M. Bjornmalm, Y. Ju, F. Caruso, Small 2018,
14, 1801202.

[118] M.-Y. Li, H. Wang, J.-F. Hu, J.-J. Hu, S. Zhang, Z. Yang, Y.-W. Li, Y.-Y.
Cheng, Chem. Mater. 2019, 31, 7678.

[119] J. Guo, W. Sun, J. P. Kim, X. Lu, Q. Li, M. Lin, O. Mrowczynski, E. B.
Rizk, J. Cheng, G. Qian, J. Yang, Acta. Biomater. 2018, 72, 35.

[120] Y. Li, J. Rodrigues, H. Tomas, Chem. Soc. Rev. 2012, 41, 2193.
[121] Y. Qiu, K. Park, Adv. Drug Delivery Rev. 2001, 53, 321.
[122] E. M. Ahmed, J. Adv. Res. 2015, 6, 105.
[123] X. Lu, S. Shi, H. Li, E. Gerhard, Z. Lu, X. Tan, W. Li, K. M. Rahn, D.

Xie, G. Xu, F. Zou, X. Bai, J. Guo, J. Yang, Biomaterials 2020, 232,
119719.

[124] M. A. Rahim, M. Bjornmalm, T. Suma, M. Faria, Y. Ju, K. Kempe, M.
Mullner, H. Ejima, A. D. Stickland, F. Caruso, Angew. Chem., Int. Ed.
Engl. 2016, 55, 13803.

[125] M. A. Rahim, G. Lin, P. P. Tomanin, Y. Ju, A. Barlow, M. Bjornmalm,
F. Caruso, ACS Appl. Mater. Interfaces 2020, 12, 3746.

[126] M. Bjornmalm, L. M. Wong, J. P. Wojciechowski, J. Penders, C. C.
Horgan, M. A. Booth, N. G. Martin, S. Sattler, M. M. Stevens, Chem.
Sci. 2019, 10, 10179.

[127] S. Nie, W. L. Hsiao, W. Pan, Z. Yang, Int. J. Nanomedicine. 2011, 6,
151.

[128] Y. Liu, W. L. Lu, J. C. Wang, X. Zhang, H. Zhang, X. Q. Wang, T. Y.
Zhou, Q. Zhang, J. Controlled Release 2007, 117, 387.

[129] X. Zhang, L.-S. Chen, C. Zhang, L.-Q. Liao, ACS Appl. Mater. Inter-
faces 2021, 13, 18175.

[130] X. Ke, Z. Dong, S. Tang, W. Chu, X. Zheng, L. Zhen, X. Chen, C. Ding,
J. Luo, J. Li, Biomater. Sci. 2020, 8, 4346.

[131] D. Gan, W. Xing, L. Jiang, J. Fang, C. Zhao, F. Ren, L. Fang, K. Wang,
X. Lu, Nat. Commun. 2019, 10, 1487.

[132] M.-S. Ma, Y.-L. Zhong, X.-L. Jiang, Carbohydr. Polym. 2020, 236,
116096.

[133] F. M. Davis, K. Gallagher, Cell Host Microbe 2018, 23, 432.
[134] R.-N. Dong, B.-L. Guo, Nano Today 2021, 41, 101290.
[135] A. Alumran, X.-Y. Hou, C. Hurst, J. Infect. Public Heal 2012, 5, 221.
[136] M. Ma, Y. Zhong, X. Jiang, Carbohydr. Polym. 2020, 236, 116096.
[137] Y. Liang, Z. Li, Y. Huang, R. Yu, B. Guo, ACS Nano 2021, 15, 7078.
[138] B. Kaczmarek, M. Wekwejt, K. Nadolna, A. Owczarek, O. Mazur, A.

Palubicka, J. Mech. Behav. Biomed. Mater. 2020, 110, 103916.
[139] S. Hao, C. Shao, L. Meng, C. Cui, F. Xu, J. Yang, ACS Appl. Mater.

Interfaces 2020, 12, 56509.
[140] Z.-T. Li, X.-H. Huang, L.-C. Lin, Y.-P. Jiao, C.-R. Zhou, Z.-H. Liu,

Chem. Eng. J. 2021, 419, 129488.
[141] X.-M. Zhang, C. Huang, S. Mahmud, X.-Y. Guo, X. Hu, Y.-D. Jing,

S.-P. Su, J. Zhu, Compos. Commun. 2021, 25, 100717.
[142] M. S. Ma, Y. L. Zhong, X. L. Jiang, J. Mater. Chem. B 2021, 9, 4567.

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (20 of 22)

 21983844, 2022, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202202684 by C

ochraneC
hina, W

iley O
nline L

ibrary on [12/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advancedscience.com

[143] A. K. Kar, A. Singh, N. Dhiman, M. P. Purohit, P. Jagdale, M.
Kamthan, D. Singh, M. Kumar, D. Ghosh, S. Patnaik, Int. J.
Nanomed. 2019, 14, 9837.

[144] H. A. Tran, K. L. Ly, K. E. Fox, P. A. Tran, T. H. Nguyen, Int. J.
Nanomed. 2019, 14, 9929.

[145] P. Orlowski, M. Zmigrodzka, E. Tomaszewska, K. Ranoszek-
Soliwoda, B. Pajak, A. Slonska, J. Cymerys, G. Celichowski, J. Gro-
belny, M. Krzyzowska, Int. J. Nanomed. 2020, 15, 4969.

[146] L. Ge, Q. Li, M. Wang, J. Ouyang, X. Li, M.-M. Xing, Int. J. Nanomed.
2014, 9, 2399.

[147] K. C. Hembram, R. Kumar, L. Kandha, P. K. Parhi, C. N. Kundu, B.
K. Bindhani, Artif. Cell. Nanomed. B 2018, 46, S38.

[148] C. G. A. Das, V. G. Kumar, T. S. Dhas, V. Karthick, K. Govindaraju,
J. M. Joselin, J. Baalamurugan, Biocatal. Agric. Biotechnol. 2020, 27,
101593.

[149] N. Khatoon, J. A. Mazumder, M. Sardar, J. Nanosci. Curr. Res. 2017,
02, 1000107.

[150] N. Ninan, A. Forget, V. P. Shastri, N. H. Voelcker, A. Blencowe, ACS
Appl. Mater. Interfaces 2016, 8, 28511.

[151] L. Wang, X.-H. Zhang, K. Yang, Y.-V. Fu, T.-S. Xu, S.-L. Li, D.-W. Zhang,
L.-N. Wang, C.-S. Lee, Adv. Funct. Mater. 2020, 30, 1904156.

[152] Z.-Y. Zhang, Y. Sun, Y.-D. Zheng, W. He, Y.-Y. Yang, Y.-J. Xie, Z.-X.
Feng, K. Qiao, Mater. Sci. Eng. C. 2020, 106, 110249.

[153] Y. Li, R. Fu, Z. Duan, C. Zhu, D. Fan, Bioact. Mater. 2022, 9, 461.
[154] H. Deng, Z. Yu, S. Chen, L. Fei, Q. Sha, N. Zhou, Z. Chen, C. Xu,

Carbohydr. Polym. 2020, 230, 115565.
[155] C. Hu, F. Zhang, Q. Kong, Y. Lu, B. Zhang, C. Wu, R. Luo, Y. Wang,

Biomacromolecules 2019, 20, 4581.
[156] J.-W. Xu, K. Yao, Z.-K. Xu, Nanoscale 2019, 11, 8680.
[157] Y. Chen, Y. Gao, Y. Chen, L. Liu, A. Mo, Q. Peng, J. Controlled Release

2020, 328, 251.
[158] D.-L. Han, Y. Li, X.-M. Liu, B. Li, Y. Han, Y.-F. Zheng, K. W. K. Yeung,

C.-Y. Li, Z.-D. Cui, Y.-Q. Liang, Z.-Y. Li, S.-L. Zhu, X.-B. Wang, S.-L.
Wu, Chem. Eng. J. 2020, 396, 125194.

[159] X. Tian, Z. Lu, C. Ma, M. Wu, C. Zhang, Y. Yuan, X. Yuan, D. Xie, C.
Liu, J. Guo, Mater. Sci. Eng. C. 2021, 121, 111807.

[160] J. Guo, X. Tian, D. Xie, K. Rahn, E. Gerhard, M. L. Kuzma, D. Zhou,
C. Dong, X. Bai, Z. Lu, J. Yang, Adv. Funct. Mater. 2020, 30, 2002438.

[161] G. Zhang, Z. Wu, Y. Yang, J. Shi, J. Lv, Y. Fang, Z. Shen, Z. Lv, P. Li, X.
Yao, W. Chen, X. Wei, P. K. Chu, X. Zhang, Chem. Eng. J. 2022, 428,
131155.

[162] H. Lin, S. Shi, X. Lan, X. Quan, Q. Xu, G. Yao, J. Liu, X. Shuai, C.
Wang, X. Li, M. Yu, Small Methods 2021, 5, 2100536.

[163] D. Zhang, S. Cheng, J. Tan, J. Xie, Y. Zhang, S. Chen, H. Du, S. Qian,
Y. Qiao, F. Peng, X. Liu, Bioact. Mater. 2022, 17, 394.

[164] Z. Jing, R. Ni, J. Wang, X. Lin, D. Fan, Q. Wei, T. Zhang, Y. Zheng, H.
Cai, Z. Liu, Bioact. Mater. 2021, 6, 4542.

[165] Y. Mu, S. Ma, P. Wei, Y. Wang, W. Jing, Y. Zhao, L. Zhang, J. Wu, B.
Zhao, J. Deng, Z. Liu, Adv. Funct. Mater. 2021, 31, 2101452.

[166] L. Qiaoxia, Z. Yujie, Y. Meng, C. Yizhu, W. Yan, H. Yinchun, L. Xiaojie,
C. Weiyi, H. Di, Colloids. Surf. B 2020, 196, 111304.

[167] D. Huang, Q.-X. Lin, Y.-J. Zhou, J.-X. Li, Y. Wei, Y.-C. Hu, X.-J. Lian,
S. Chen, W.-Y. Chen, Surf. Coat Tech. 2020, 399, 126169.

[168] S. Vimalraj, S. Rajalakshmi, S. Saravanan, D. Raj Preeth, L. A.
Vasanthi R, M. Shairam, S. Chatterjee, Colloids Surf. B 2018, 167,
134.

[169] Y. Li, M. Chen, J. Yan, W. Zhou, S. Gao, S. Liu, Q. Li, Y. Zheng, Y.
Cheng, Q. Guo, Acta Biomater. 2021, 126, 119.

[170] S. Vimalraj, S. Saravanan, G. Hariprabu, R. Yuvashree, S. K. A.
Kanna, K. Sujoy, D. Anjali, Life Sci. 2020, 256, 117993.

[171] Q. Tu, X. Shen, Y. Liu, Q. Zhang, X. Zhao, M. F. Maitz, T. Liu, H. Qiu,
J. Wang, N. Huang, Z. Yang, Mater. Chem. Front. 2019, 3, 265.

[172] L. Liu, H. Shi, H. Yu, R. Zhou, J. Yin, S. Luan, Biomater. Sci. 2019, 7,
5035.

[173] J. S. Van Epps, J. G. Younger, Shock 2016, 46, 597.
[174] A. K. Deva, W. P. Adams, K. Vickery, Plast. Reconstr. Surg. 2013, 132,

1319.
[175] P. K. Balne, S. Harini, C. Dhand, N. Dwivedi, M. L. S. Chalasani,

N. K. Verma, V. A. Barathi, R. Beuerman, R. Agrawal, R. Lakshmi-
narayanan, Mater. Sci. Eng. C 2018, 90, 673.

[176] Z. Zhang, Y. Zhang, W. Li, L. Ma, E. Wang, M. Xing, Y. Zhou, Z. Huan,
F. Guo, J. Chang, Appl. Mater. Today 2021, 23, 101065.

[177] G. Liu, K. Li, H. Wang, L. Ma, L. Yu, Y. Nie, ACS Appl. Mater. Interfaces
2020, 12, 16125.

[178] D. X. Oh, E. Prajatelistia, S. W. Ju, H. J. Kim, S. J. Baek, H. J. Cha, S.
H. Jun, J. S. Ahn, D. S. Hwang, Sci. Rep. 2015, 5, 10884.

[179] Q. Zhou, X. Dong, Y. Xiong, B. Zhang, S. Lu, Q. Wang, Y. Liao, Y.
Yang, H. Wang, ACS Appl. Mater. Interfaces 2020, 12, 28539.

[180] Q. Wang, X. Pan, C. Lin, X. Ma, S. Cao, Y. Ni, Chem. Eng. J. 2020,
396, 125341.

[181] J. Flemming, C. T. Meyer-Probst, K. Speer, I. Kolling-Speer, C. Han-
nig, M. Hannig, Int. J. Mol. Sci. 2021, 22, 4892.

[182] P. Liu, X. Shi, S. Zhong, Y. Peng, Y. Qi, J. Ding, W. Zhou, Biomater.
Sci. 2021, 9, 2825.

[183] X. Wang, Y. Fan, J. Yan, M. Yang, Chem. Eng. J. 2022, 439, 135661.
[184] Y. Han, Z. Lin, J. Zhou, G. Yun, R. Guo, J. J. Richardson, F. Caruso,

Angew. Chem., Int. Ed. 2020, 59, 15618.
[185] Z. Zhao, D. C. Pan, Q. M. Qi, J. Kim, N. Kapate, T. Sun, C. W. T.

Shields, L. L. Wang, D. Wu, C. J. Kwon, W. He, J. Guo, S. Mitragotri,
Adv. Mater. 2020, 32, 2003492.

[186] G. Lin, J. J. Richardson, H. Ahmed, Q. A. Besford, A. J. Christof-
ferson, S. Beyer, Z. Lin, A. R. Rezk, M. Savioli, J. Zhou, C. F. Mc-
Conville, C. Cortez-Jugo, L. Y. Yeo, F. Caruso, Adv. Mater. 2021, 33,
2006177.

Yue Li is currently a master student in the Department of Plastic and Reconstructive Surgery at Nan-
fang Hospital of Southern Medical University. His research interests focus on areas related to bioma-
terials for skin repair and regeneration as well as hair follicle reconstruction.

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (21 of 22)

 21983844, 2022, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202202684 by C

ochraneC
hina, W

iley O
nline L

ibrary on [12/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advancedscience.com

Zhiqi Hu is a professor of Plastic and Aesthetic Surgery at Nanfang Hospital of Southern Medical Uni-
versity. He has been practicing plastic and aesthetic surgery for more than 30 years and has extensive
clinical experience in burns, post-traumatic scar revision, congenital deformities, facial, and torso
aesthetics. He is also currently the vice president of the Aesthetic and Plastic Surgeons Branch of the
Chinese Medical Association and the director of the Guangdong Medical Association’s Medical Aes-
thetic Branch, among many other important societies. His current research interests focus on clinical
and basic research of hair transplantation and skin restoration.

Jinshan Guo is a professor in the School of Basic Medical Sciences, Southern Medical University. He
has been working on biomaterials and regenerative medicine for more than 17 years. He obtained his
bachelor’s degree from Shandong University and his doctoral degree in Polymer Chemistry from the
Changchun Institute of Applied Chemistry (CIAC), Chinese Academy of Sciences (CAS). Then he went
to University of Texas at Arlington, the Pennsylvania State University and Harvard University in USA for
postdoctoral research. His current research focuses on methodologies for developing biodegradable
polymers and biomaterials and their applications in regenerative medicine as tissue adhesives and
orthopedic biomaterials.

Adv. Sci. 2022, 9, 2202684 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202684 (22 of 22)

 21983844, 2022, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202202684 by C

ochraneC
hina, W

iley O
nline L

ibrary on [12/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


