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Abstract: Diabetic chronic wounds or amputation, which are complications of diabetes mellitus (DM), are a cause of great suffering 
for diabetics. In addition to the lack of oxygen, elevated reactive oxygen species (ROS) and reduced vascularization, microbial 
invasion is also a critical factor that induces non-healing chronic diabetic wounds, ie, wounds still remaining in the stage of 
inflammation, after which the wound tissue begins to age and becomes necrotic. To clear up the infection, alleviate the inflammation 
in the wound and prevent necrosis, many kinds of hydrogel have been fabricated to eliminate infections with pathogens. The unique 
properties of hydrogels make them ideally suited to wound dressings because they provide a moist environment for wound healing and 
act as a barrier against bacteria. This review article will mainly cover the recent developments and innovations of antibacterial 
hydrogels for diabetic chronic wound healing. 
Keywords: antibacterial, hydrogel, diabetic chronic wound, infection, inflammation, wound dressing

Introduction
Diabetes mellitus (DM), a common metabolic disease with over 400 million sufferers worldwide, puts a great burden on 
society, economies, and health care systems.1 Deaths among diabetics are mainly due to chronic complications caused by 
severe hyperglycemia.2 Non-healing diabetic wounds, especially those in the lower extremities, are common complica
tions, and are called diabetic foot ulcer (DFU), which lead to 15–25% of diabetes patients needing amputation and 
suffering from disability during their lifetimes.3,4 Normal wound healing is a dynamic and complicated biological process 
involving four typical phases: hemostasis, inflammation, proliferation and remodeling, in which many types of cells, 
cytokines and the extracellular matrix (ECM) are involved (Figure 1).5–7 However, a wound with a micro-environment 
featuring high glycemic levels is more easily infected by bacteria, and macrophages produce more reactive oxygen 
species (ROS) to defend against foreign pathogens.8–10 Excessive ROS impairs normal cells and tissues resulting in lack 
of nutrients, impaired angiogenesis, hypoxia and neuropathy, which finally induce persistent inflammation and a long- 
time non-healing chronic wound (Figure 2).11–14 Therefore, clearing the infection and alleviating the inflammation are 
crucial for the management of diabetic chronic wound, and subsequently providing other growth factors (GFs) such as 
vascular endothelial growth factor (VEGF), stromal cell-derived factor-1a (SDF-1a) to promotes wound healing.15,16

Using wound dressings is the most direct and convenient way to prevent the wound from being infected by microorgan
ism and has been used for wound management for a very long time. A traditional form of wound dressing is a gauze made 
from cotton, which has been widely used in clinical treatment. However, it is unsuitable for the management of diabetic 
wound due to the secondary damage from each time of the dressing is exchanged, which is painful for the patients. Besides, 

International Journal of Nanomedicine 2022:17 3163–3176                                               3163
© 2022 Ji et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 1 March 2022
Accepted: 16 June 2022
Published: 22 July 2022

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


traditional wound dressings have no bioactive promotion and moisturizing effects on wound healing.9,17,18 With the 
development of biomaterials, several kinds of biopolymers or synthetic polymers have been utilized in wound dressings, 
such as chitosan,19,20 collagen,21 gelatin,22 hyaluronic acid,23,24 cellulose,25,26 alginate,27 poly-(vinyl alcohol) (PVA),28 poly 
(lactic-co-glycolic acid) (PLGA)29 polylactide (PLA)30 and others. These polymers with properties such as non-toxicity, 
biodegradability and non-immunogenicity are conducive to wound management. Nevertheless, commercially available 
wound dressings for the treatment of diabetic wounds still have multitudinous limitations. For example, a kind of silver 
ion dressing, Biatain Alginate Ag® cannot be used for dry wounds due to the need for an external fixation dressing. 
Mepiform® is a kind of soft silicone dressing that should not be used for infected wounds, dry wounds or wounds with 
eschar, at the same time it is opaque and therefore is not convenient for viewing wounds.

Compared with other types of novel wound dressings, such as porous sponges, biocompatible membranes and 
electrospun nanofibers, hydrogels are superior candidates, due to their unique properties, for example, good flexibility, 
biocompatibility, moisturizing qualities and great sensitivity to physiological environments. Relative to other dressings, 
hydrogels can not only increase wound humidity, absorb wound exudate and reduce wound temperature, but are also 
comfortable, non-irritating, easy to change, and importantly, have analgesic effect for the injured tissue.31–33 With the 
development of biomaterial science, many functional hydrogels have been created by scientists to improve the ability of 
hydrogels for wound healing promotion.14,32,34 Different strategies exist for hydrogel preparation such as physical cross- 
linking, the radiation-induced gelation of polymer-water systems, chemical cross-linking, enzyme-catalyzed reactions 
and su-pramolecular interactions.14,32,34 Hydrogels are fabricated to work as intelligent drug-carriers and even adjust to 
the local wound microenvironment, but as a wound dressing, it is still highly important that they defend against 
microorganisms, especially in diabetic chronic wounds. Accordingly, to endow hydrogels with antibacterial activity, 
some antibacterial agents, metal nanoparticles, biopolymers and natural bioactive ingredients have been incorporated into 
the design of antibacterial multifunctional hydrogels.

In this review, we summarize and discuss the latest progress on multifunctional hydrogels with antibacterial ability, 
that decrease infection and promote diabetic chronic wound healing.

Loss of Wound Healing Ability in Diabetes Mellitus
The body responds to an injury in multiple ways to protect itself through restoring the integrity of damaged tissues, 
which involves a complex set of mechanisms. The wound healing process consists of four distinct phases: hemostasis, 
inflammation, proliferation, and remodeling.35 In healthy people, minor acute wounds heal within 2–3 weeks. However, 
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when the physiological mechanism of healing is out of balance, diabetic wounds may become chronic and fail to heal 
within six to eight weeks.2,36,37

In the case of diabetes patients, the normal process of wound healing is interrupted, resulting in tissue damage, 
persistent infection and peripheral vascular problems. The imbalance between angiogenic factors such as TGF-β, FGF2, 
VEGF, angiogenin, angioinhibitory factors and abnormal apoptotic potential in diabetic patients may lead to disturbed 
angiogenesis.38 Diabetic wounds are in the stage of chronic inflammation and do not progress to the stage of proliferation 
and remodeling, thus obstructing the normal wound healing process.39 Due to normal phase interference, various 
parameters, including growth factors in the wound microenvironment, and immune cell circulation are interfered with, 
and the wound bed receives less energy, inhibiting the activation of caspase-3 and affecting metabolism here. Therefore, 
diabetic wounds are characterized by delayed wound healing, which is usually associated with infections caused by 
disrupted levels of microcirculating cell and decreased levels of endogenous growth factor, leading to the development of 
unhealing chronic ulcers. Further infection of the wound often leads to limb amputation.40

Figure 1 An illustration of how wounds heal and the major differences between an acute wound and diabetic chronic wound. Reprinted from Tan CT, Liang K, Ngo ZH, 
Dube CT, Lim CY. Application of 3D bioprinting technologies to the management and treatment of diabetic foot ulcers. Biomedicines. 2020;8:10. Creative Commons 
Attribution License.4
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Antibacterial Hydrogels Based on Metal Ions
In the natural world, many kinds of metallics occur that possess antibacterial activity such as silver,41 copper42,43 and 
zinc,44 which also have excellent potential against multidrug-resistant bacteria. Metal elements act as antibacterial agents 
in their ionic form. In environments with relatively high concentrations of metal ions, the survival of microorganisms is 
affected in many aspects.45

Firstly, outside the membrane, the high concentration of metal cations alters the polarization state within and outside 
the biofilm, resulting in a new ion concentration difference, which blocks or disrupts the transport of small and large 
molecules required for cell maintenance, such as glucose and amino acid transport driven by the Na+/K+ pump.46 Some 
metal ions can also enter microbial cells. It has been demonstrated that heavy metals can inactivate most of the enzymes, 
although the mechanism of inactivation is still unclear.41,46 Some scholars consider that heavy metal ions with positive 
valence complexed with the N and O elements of protein destroy the spatial conformation of enzyme protein 
molecules.47 It is also possible that heavy metal ions react with -SH groups to replace protons, or even destroy or 
replace metal ions such as Mg2+, Fe3+ and Ca2+, which are necessary to maintain enzyme activity. Enzymes are the 
catalyst of all biological processes, also controlling microbial biochemical reactions.48 Once an enzyme is inactivated, it 
will cause the reduction of catalytic efficiency and performance, such that the biochemical reactions cannot be carried out 
normally, and affect related biochemical reactions, resulting in the blocked energy metabolism and material metabolism 
of microorganisms, to achieve the purpose of antibacterial effect. In addition, metal ions entering cells can combine with 
nucleic acids, destroying the ability of cells to divide and reproduce.48

Hydrogels Loaded with Silver Nanoparticles (AgNPs) for Diabetic Wound 
Management
Among the different metal nanoparticles, silver nanoparticles are the most dynamic nanoparticles for wound care management 
because of their antimicrobial activity, even against hospital strains of multidrug resistant microorganisms, thereby promoting 
wound healing.49,50 AgNPs have been mixed into many kinds of healthcare products, such as textiles,51 cosmetics,52 and 
wound dressings,53 as they have excellent antimicrobial properties and are electrically conductive. Recently, AgNPs were also 
applied in the fabrication of antibacterial hydrogel for the treatment of diabetic chronic wound. A composite hydrogel 
encapsulating silver nanoparticles and epidermal growth factor (EGF) co-loaded with chitosan was developed by Yu-Hsiang 
Lee et al and was named SNPECHG,54 The production process is shown in Figure 3A. They eventually found that the dosages 

Figure 2 An illustration of major factors that contribute to the pathophysiology of diabetic chronic wounds.
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of 24 mM Ag+ had an optimal antimicrobial effect, The antimicrobial activity of SNPECHG was demonstrated by the 
significant bactericidal effect of Ag+ on S. aureus and S. epidermidis, while CNP-coated EGF promoted the growth of NIH/ 
3T3 cells, thus verifying its proliferation-promoting function. In addition, the optimized SNPECHG provides sustained release 
and excellent hydration of Ag+ and EGF in high ionic strength media, indicating that the developed composite hydrogel was 
highly suited to the exudate environment at the wound site.54 Nosheen Masood also observed that for AgNPs-loaded chitosan- 
polyethylene glycol hydrogels, 0.1g of AgNO3 was added into chitosan solution, which had superior antioxidant and 
antibacterial properties compared to bare chitosan-polyethylene glycol hydrogels, prompting researchers to use them to 
treat wounds in diabetic rabbits.55 They found that AgNP-loaded hydrogel, which released AgNPs slowly and continuously for 
at least seven days, had remarkable antibacterial ability against E. coli, P. aeruginosa, B. subtilis and S. aureus. Finally, the 
AgNP-loaded chitosan PEG hydrogel well promoted the healing of diabetic wound.55

Figure 3 The process of making antibacterial hydrogel. (A) Schematic diagram of the SNPECHG fabrication procedures. Chitosan nanoparticles loaded with EGF were first 
prepared through a modified emulsification method (a-b), following the production of CNPE, AgNO3 was added to a chitosan-PVA solution, which was vigorously stirred 
afterward (c), an eight-cycle freezing/thawing procedure was performed on the polymeric mixture (d) to obtain SNPECHG (e); Reproduced from Lee YH, Hong YL, Wu TL. 
Novel silver and nanoparticle-encapsulated growth factor co-loaded chitosan composite hydrogel with sustained antimicrobility and promoted biological properties for 
diabetic wound healing. Mater Sci Eng C. 2021;118:111385. Copyright 2021, with permission from Elsevier.54 (B) Synthesis and potential wound healing application of PABC 
hydrogel: Main components of PABC hydrogel including PEGDA, ALG and BGN; Reproduced from Li Y, Xu T, Tu Z, et al. Bioactive antibacterial silica-based nanocomposites 
hydrogel scaffolds with high angiogenesis for promoting diabeticwound healing and skin repair. Theranostics. 2020;10(11):4929–4943. Creative Commons Attribution 
License (https://creativecommons.org/licenses/by/4.0/).62
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Zinc Oxide-Based Hydrogels for Diabetic Wound Management
Various wound dressings use zinc oxide nanoparticles as active ingredients, as they have antibacterial properties and 
promote fibroblast proliferation and angiogenesis.56–58 A study conducted by Rashid Ahmed et al discovered that 
chitosan /PVA/ZnO nanofibrous membranes had higher antibacterial potential against E. coli, Pseudomonas aeruginosa, 
Bacillus subtilis and Staphylococcus aureus compared with chitosan /PVA nanofiber mats. Furthermore, unlike chitosan/ 
PVA/ZnO nanofibre mats, chitosan/PVA/ZnO nanofibrous membranes had higher antioxidant capacity and can facilitate 
diabetic wound healing in vivo.59

Recently a novel kind of ZnO particles, tetrapod-shaped ZnO particles, were integrated into 3D-printed GelMA hydrogels 
with the ability of light-controlled release of growth factors,60 tetrapod-shaped ZnO particles have better cytocompatibility 
than spherical ZnO nanoparticles. VEGF can be decorated onto the surface of t-ZnO, then treated with H2O2 and the surface 
turned into rough and porous.60 In vivo experiments have shown that the t-ZnO-laden composite hydrogels had a good effect, 
with lower immunogenicity and better wound healing Therefore, they can be also applied to diabetic wound healing due to 
their excellent antibacterial ability and controllable release of VEGF under ultraviolet/ visible light exposure.

Cu2+-Based Hydrogels for Diabetic Wound Management
Copper ions (Cu2+) with excellent antibacterial property can reduce wound infections and speed up wound healing.61 

Recently, a novel bioactive, self-healing, antibacterial, dual-network nanocomposite hydrogel was developed, which 
significantly promoted diabetic wound healing/skin tissue formation by enhancing early angiogenesis without the 
addition of bioactive factors.62 Nanocomposite hydrogel consists of a network of polyethylene glycol diacrylate 
(PEGDA) and an auxiliary dynamic network between bioactive glass nanoparticles containing copper (BGNC) and 
sodium alginate (ALG), also named as PABC scaffolds, with the production process shown in Figure 3B.62 PABC 
scaffolds exhibit the mechanical properties of biomimetic elastomer with good injectability, self-repair, and strong broad- 
spectrum antibacterial activity. A significant increase in the proliferation and angiogenesis of endothelial progenitor cells 
(EPCs) was observed in vitro after the application of PABC hydrogels.62 In vivo, PABC hydrogels promoted wound 
healing and skin tissue regeneration in full-layer diabetic wounds by significantly increasing HIF-1*/VEGF expression 
and collagen matrix deposition.62 In addition, Sun et al developed a wound dressing from antibacterial nanocomposites 
based on chitosan, copper, and gallic acid61 and a novel hydrogel dressing (HKUST-Hs)63 containing copper metal 
organic framework nanoparticles can also be utilized in diabetic wound treatment, because both of them have dual effects 
as antibacterial and antioxidant.

Metal-Organic Framework (MOF)-Based Hydrogels for Diabetic Wound Management
When discussing the antibacterial effects of metal ions, a crucial aspect to cover is cytotoxicity. MOFs have emerged as 
a kind of porous, solid and adsorptive material, which are composed of metal ions and organic ligands. MOFs can carry 
drugs, enzymes, biological macromolecules and other substances to gain functionality while retaining low cytotoxicity, 
thus it is conducive to incorporated them into antibacterial wound dressings. Do Nam Lee et al conducted in-depth 
research in the field of MOFs. In 2020, they published a paper entitled “Novel Metal-Organic Frameword-based 
Photocrosslinked Hydrogel System for Efficient Antibacterial Applications” to present a hydrogel made of diacrylated 
polyethylene glycol (PEG), 4-arm-thiolated PEG, and MOFs. Their main contribution was to compare the structure and 
antibacterial performance of three kinds of MOF-based hydrogels: @Cu-MOF, @Co-MOF, and @Zn-MOF. The results 
showed that @Cu-MOF hydrogel the most stable 3D structure, low cytotoxicity, and high antibacterial activity, which 
could be attributed to Cu2+ and the excellent MOF system.64

Metal ions have favorable antibacterial ability, but when the concentration of metal ions in the body becomes toxic, 
their usage should be controlled at safe levels that still yield sufficient antibacterial activity.

Antibacterial Hydrogels Based on Natural Bioactive Ingredients
Antimicrobial compounds are emerging as a potential chemical alternative to conventional antibiotics, which consist an 
antibacterial strategy that is free from the problems of overuse and resistance associated with synthetic antibiotics.65
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Epigallocatechin-3-Gallate (EGCG)-Based Hydrogels for Diabetic Wound Management
In recent years, EGCG has been the subject of extensive research,66,67 and its anticancer, anti-inflammatory, antioxidant, and 
anti-aging properties have led to its wide application in a number of fields.66 EGCG and its wound dressings play various 
roles in different wound healing stages, such as increasing hemadsorption, inhibiting neutrophil infiltration and monocyte 
migration and adhesion, promoting re-epithelialization, stimulating angiogenesis, altering collagen synthesis, and reducing 
ECM formation (Figure 4A).66 A team from Xi’an Jiao-tong University produced a smart hydrogel dressing,68 which can be 
conveniently obtained through copolymerization of the complex formed by EGCG and 3-acrylamido phenyl boronic acid 
(APBA) (resulting in the formation of boronate ester bond) with acrylamide. Scine E-A complexes are dynamic, the resulting 
hydrogels have good mechanical strength, moderate tissue adhesiveness and excellent self-regeneration capacity, which 
largely facilitates regeneration and self-healing. Besides its anti-oxidation and antibacterial properties, this functional 
hydrogel was shown to also anti-inflammatory, anti-inflammatory, and proangiogenic effects, as well as to modulate 
macrophage polarization. EGCG, however, also reduced the adhesive strength of tissue to facilitate dressing changes, all 
of which resulted in outstanding wound healing efficiency. in the chronic diabetic wound bed.68

Polyε-L-Lysine (EPL)-Based Hydrogel for Diabetic Wound Management
EPL is biodegradable, antibacterial, and biocompatible naturally occurring cationic polypeptide produced by 
S. albus.69–71 EPL acts as a cationic surface-active compound that is known to inhibit the proliferation of 

Figure 4 Four kinds of natural bioactive ingredients based antibacterial hydrogel. (A) Mechanism of EGCG promoting wound healing; Reproduced from Zhao X, Pei D, Yang 
Y, et al. Green tea derivative driven smart hydrogels with desired functions for chronic diabetic wound treatment. Adv Funct Mater. 2021;31(18):2009442. Copyright 2021, 
John Wiley and sons.68 (B) Several antimicrobial pathways of EPL; Reproduced from Wang L, Zhang C, Zhang J, et al. Epsilon-poly-L-lysine: recent advances in 
biomanufacturing and applications. Front Bioeng Biotechnol.2021;9:748976. Copyright © 2021 Wang, Zhang, Zhang, Rao, Xu, Mao and Chen. This is an open access article 
distributed under the terms of the Creative Commons Attribution License (CC BY).72 (C) Composition and action mode of the Gelma-dopa-amp-Ceons dressing; 
Reproduced from Cheng H, Shi Z, Yue K, et al. Sprayable hydrogel dressing accelerates wound healing with combined reactive oxygen species-scavenging and antibacterial 
abilities. Acta Biomater. 2021;124:219–232. Copyright 2021, with permission from Elsevier.76 (D) Structure of TA@bilayer hydrogel and its interaction with wound; 
Reproduced from Li Y, Fu R, Zhu C, Fan D. An antibacterial bilayer hydrogel modified by tannic acid with oxidation resistance and adhesiveness to accelerate woundrepair. 
Colloids Surf B. 2021;205:111869. Copyright 2021, with permission from Elsevier.78
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microorganisms by effecting on the outer membrane of bacteria, Specifically, in EPL-treated cells, electrostatic 
adsorption of EPL and external membrane stripping, accompanied by abnormal cytoplasm distribution, resulted in 
physiological damage. (Figure 4B).72 A representative example of the antibacterial effect of EPL in vitro is shown in 
Figure 5. It was found to be active against both Gram-positive and Gram-negative bacteria.73 Two kinds of multi
functional antibacterial hydrogels have been developed that contain EPL. Firstly, an injectable, self-healing and 
antimicrobial peptide-based FHE hydrogel (F127/OHA-EPL) featuring the stimuli-responsive release of adipose 
derived mesenchymal stem cell exosomes (AMSCs-exo) was proposed by Chenggui Wang for the synergistic 
enhancement of chronic wound healing and relative tissue regeneration. FHE@exo hydrogel with 5% (wt/vol) of 
EPL and 10% (wt/vol) of EPL both had excellent antibacterial activity.72 Further in vivo studies confirmed that neo- 
vascular formation and cell proliferation were promoted in FHE@ exo hydrogel-treated wounds, leading to faster 
granulation tissue formation, re-epithelialization and collagen remodeling within the wound site, which accelerated 
the healing process of diabetic wounds.72 Secondly, a polyacrylamide, gelatin, and ε-polylysine dressing that is 
temperature tolerant (−20 to 60°C) was prepared and called G-PAGL, which displayed good heat resistance and anti- 
freezing properties. They established that the G-PAGL with 20% (wt/vol) EPL exerted the highest antibacterial 
activity against E. coli and S. aureus and the inherent and long-lasting antimicrobial properties conferred by ε-PL 
were considered essential for G-PAGL hydrogels used as DFU wound dressings.74

Antimicrobial Peptides (AMPs)-Based Hydrogel for Diabetic Wound Management
AMPs are a type of natural bioactive ingredients with a wide range of antimicrobial and immunomodulatory activities to 
combat drug resistance, which inhibit the survival of bacteria through targeting the bacterial cell membrane by 

Figure 5 Digital image of E. coli (A) and S. aureus (C) clones on an AGAR plate after exposure; reproduced from Xu Z, Xu Z, Feng X, Xu D, Liang J, Xu H. Recent advances 
in the biotechnological production of microbial poly(ɛ-L-lysine) and understanding of its biosynthetic mechanism. Appl Microbiol Biotechnol. 2016;100(15):6619–6630. 
Copyright 2016, Springer Nature.73 Red circles indicate bacterial clones killed by hydrogel. In the presence of blank LB medium, G-PAGL-0, G-PAGL-I, G-PAGL-II, G-PAGL-III 
and G-PAGL-IV, the growth curves of (B) Escherichia coli and (D) Staphylococcus aureus varied with culture time.

https://doi.org/10.2147/IJN.S363827                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2022:17 3170

Ji et al                                                                                                                                                                  Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


electrostatic interactions.75 To date, a number of antimicrobial bioactive hydrogel designs have been based on AMPs on 
account of their low resistance, high biocompatibility and antibacterial benefits.75

Wang et al developed a sprayable hydrogel containing GelMA functionalized by DOPA and encapsulating AMP HC- 
36 and CeONs, which possesses antibacterial, ROS scavenging and wound healing effects by (Figure 4C).76 By 
comparing the antibacterial performance of nano-silver, vancomycin and non-AMP loaded hydrogels, hydrogels loaded 
with AMP could ablate approximately 100% (and GT; 99%) of bacterias especially S. aureus and S. epidermidis.76 

Antibacterial hydrogels based on AMPs have shown great antibacterial benefits, which attributes a certain instructive 
meaning to the investigation of infection wound healing.

TA-Based Hydrogel for Diabetic Wound Management
An inevitable issue in developing antibacterial hydrogels based on natural active ingredients is biocompatibility. Some 
researchers have found that a phenolic non-cytotoxic natural plant extract, tannic acid (TA), works by attaching to 
bacteria, inhibiting the uptake of sugars and amino acids, and interfering with their metabolism.77 A research group led 
by Chenhui Zhu, from Northwest University, changed the structure of the hydrogel by TA and proposed the TA@bilayer 
hydrogel, which showed excellent properties including adhesion, self-healing, antibacterial and antioxidant, which made 
the product become a multifunctional antibacterial hydrogel with great advantages (Figure 4D).78

Special Antibiotic Based Antibacterial Hydrogel
Mupirocin antibiotics have been used to treat secondary skin infections caused by S. aureus and S. pyogenes.79–81 

However, recent reports indicated a rise in Staphylococci with mupirocin resistance.82,83 Therefore, it is necessary to 
develop alternative anti-microbial drugs or to improve the efficacy of mupirocin.

Golmohammadi et al created the Selenium-chitosan-Mupirocin (M-SeNPs-CCH) complex, which is a nanohybrid 
system, prepared using chitosan-cetyltrimethylammonium bromide (CTAB)-based hydrogel (CCH) with mupirocin (M) 
and selenium nanoparticles (SeNPs) entrapped.84 Its antibacterial activity and toxicity were evaluated on the L929 mouse 
fibroblast cell line. The concentration of M 20 mg/mL had the best antibacterial ability against S. aureus (MRSA), and 
the wounds were subsequently treated by M-SeNPs-CCH nanohybrid system with concentrations of M; 20 mg/mL, CCH; 
2 mg/mL and SeNPs; 512 μg/mL in two times/day for 21 days.84 It was discovered that this system could play a crucial 
role in the formation and contraction of wounds, angiogenesis, fibroblastosis, and collagenesis, as well as the prolifera
tion of hair follicles and epidermis.84

An ROS-scavenging hydrogel to promote the healing of infected diabetic wounds was put forward by Jian Wang and his 
team which was fabricated by using polyvinyl alcohol (PVA) cross-linked by a ROS-responsive linker. This hydrogel could 
allow the release of GM-CSF and therapeutics, including mupirocin to kill bacteria.84 The doses of M and GM-CSF were 100 
μg/wound and 0.5 μg/wound, after treatment with PBS, Hydrogel, M@Hydrogel, G@Hydrogel or M+G@Hydrogel under 
infection with S. aureus, and the M@Hydrogel and M+G@Hydrogel groups showed more powerful antibacterial activity.84 

This work provided an antibacterial ROS-scavenging hydrogel with different therapeutic ingredients such as mupiroxacin, 
which is expected to be used to treat chronic wounds including infected diabetic wounds.14

However, it is undeniable that the use of antibacterial drugs will bring the serious consequence of antibiotic 
resistance, therefore, when during developing antibiotic based antibacterial hydrogels, one needs to pay special attention 
to the limitation of dosage and indications.

Biopolymer-Based Antibacterial Hydrogels
In addition to adding antibacterial substances to hydrogels, some of the biopolymers used to make hydrogels also have 
antibacterial properties.

Using the dynamic Schiff-based reaction, Qian Xu and Wenxin Wang’s team developed a self-healing hydrogel 
system made of chitosan (CTS) and dialdehyde chitosan (CTS-CHO), which prevents infection during wound healing. 
The results showed that the antibacterial properties of chitosan and aldehyde chitosan exhibited in the hydrogel system 
significantly impaired bacterial growth upon contact.85 However, the antibacterial mechanism of chitosan and its 
derivatives is still not clear. There is a generally accepted theory that the large number of positively charged amino 
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groups in their molecular structure plays a vital role, they can also absorb bacteria and enter bacterial cells to inhibit 
bacterial growth by interfering with the transcription of bacterial DNA and block the absorption of trace elements and 
nutrients necessary for cell growth. These kind of hydrogels with antibacterial action based on biopolymers has the 
advantages of convenient preparation, high economic benefit and great development prospect.

The Future Perspectives
Chronic wounds fall into different categories,86 such as diabetic foot ulcers (DFU), venous leg ulcers (VLU) and pressure 
ulcers (PU), surgical site infections (SSI), abscesses, or traumatic ulcers, in which colonization by pathogenic bacteria at 
the wound site results in wound chronicity.87 Therefore, it is important to perform antibacterial treatment in the process 
of chronic wound therapy. As we have previously reviewed, many kinds of antibacterial hydrogel have been created and 
applied for diabetic chronic wound treatment, owing to the special properties of hydrogel (Table 1). With the develop
ment of biopolymers, hydrogel synthetic procedures are becoming more mature, along with the diversification of 
synthetic pathways and products, which is conducive to the further industrialization of hydrogel application and faster 
translation into clinical treatments. Meanwhile, combining antibacterial metal ions and natural antibacterial substances 
into hydrogel for antibacterial treatment can help to reduce the use of antibiotics and prevent the generation of bacterial 
resistance, ultimately reducing the risk of superbug emergence. Photodynamic and photothermal are also widely used in 
wound antibacterial applications by combining with hydrogels.88,89 Effective antibacterial hydrogels can help to heal 
patients’ wounds and reduce the pain from chronic diabetic wounds as well as reduce the healthcare burden.

Currently, Hydrosorb®, 3M™Tegaderm™, AQUACELAg®, TenderWet® and Comfeel® are the main hydrogel 
dressings available on the market (Table 2), whose components include PU, CHG, CMC, PEA, or other biological 
large molecules, and Ag+. The antibacterial activity of these hydrogels is mainly attributed to the action of Ag+ and the 

Table 1 The Roles of Antibiotic Substance and Their Wound Dressings

Examples Antibiotic 
Substance

Other Therapeutic Effects

SNPECHG hydrogel54 Ag+ Re-epithelization, sufficient collagen deposition, and accelerated collagen 

maturation
Chitosan-PEG-Silver Nitrate based 

hydrogel55

Antioxidant

Chitosan/PVA/ZnO nanofibrous 
membranes

Zn2+ Antioxidant

VEGF-decorated t-ZnO-laden hydrogel 

patches59

Improved angiogenesis

PABC scaffolds61 Cu2+ Enhancing HIF-1α/VEGF expression, improved angiogenesis and collagen matrix 

deposition

HKUST-Hs62 Inhibiting oxidative stress (antioxidant)
@Cu-MOF hydrogel63 Low cytotoxicity and high antibacterial activity

Green Tea Derivative Driven Smart 

Hydrogels65

EGCG Antioxidation, antiinflammatory improved angiogenesis, and modulation of 

macrophage polarization
FHE@exosomes (FHE@exo) hydrogel71 Poly-ε-L-lysine 

(EPL)

Improving the proliferation, migration, and tube formation ability of HUVECs 

(angiogenesis)

The double-network (DN) G-PAGL 
hydrogel dressing73

Improving collagen deposition, angiogenesis, and inhibiting bacterial breed

GelMA-DOPA-AMP-CeONs Hydrogel75 AMPs ROS scavenging and wound healing

TA@bilayer hydrogel77 TA Adhesion, self-healing, and antioxidant
Selenium-chitosan-Mupirocin nanohybrid 

System83

Mupirocin Improving angiogenesis, fibroblastosis, collagenesis, proliferation of hair follicle, 

and epidermis growth

Chitosan-Based Self-Healable Hydrogel 
System84

Chitosan (CTS) Biocompatibility, injectability, and self-healable properties
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adsorption of bacteria. However, most of the commercially available products are not multifunctional, lack biological 
activity, are difficult to cut, are costly, etc. Although the scientific achievements on multi-functional antibacterial 
hydrogels are increasing, there are too many ideas to be selected from and some of the scholars lack a business aptitude, 
which leads to few products being commercialized. However, there is still a potential market and extensive prospects of 
antibacterial hydrogel dressings. Therefore, the development of antibacterial hydrogel dressings needs to rely on the joint 
efforts of researchers, doctors, patients, and medical device manufacturers to transform emerging technological achieve
ments into products, in order to help more patients that suffer from chronic wounds and realize a win-win situation.
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