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a b s t r a c t 

Bacterial infection and the ever-increasing bacterial resistance have imposed severe threat 

to human health. And bacterial contamination could significantly menace the wound 

healing process. Considering the sophisticated wound healing process, novel strategies 

for skin tissue engineering are focused on the integration of bioactive ingredients, 

antibacterial agents included, into biomaterials with different morphologies to improve 

cell behaviors and promote wound healing. However, a comprehensive review on anti- 

bacterial wound dressing to enhance wound healing has not been reported. In this review, 

various antibacterial biomaterials as wound dressings will be discussed. Different kinds of 

antibacterial agents, including antibiotics, nanoparticles (metal and metallic oxides, light- 

induced antibacterial agents), cationic organic agents, and others, and their recent advances 

are summarized. Biomaterial selection and fabrication of biomaterials with different 

structures and forms, including films, hydrogel, electrospun nanofibers, sponge, foam and 

three-dimension (3D) printed scaffold for skin regeneration, are elaborated discussed. 

Current challenges and the future perspectives are presented in this multidisciplinary field. 

We envision that this review will provide a general insight to the elegant design and further 

refinement of wound dressing. 

© 2022 Shenyang Pharmaceutical University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Skin, as a general defense system, is the largest organ in
human body, accounting for 15% of the body weight. It
plays vital roles in protective, thermoregulatory, sensory and
immunologic functions, and body fluid equilibrium as well.
Skin consists of three orderly arranged layers: epidermis,
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dermis, and hypodermis (subcutaneous tissue), and each of
the layers has its own functions in body. The disruption of
the integrity or malfunction of the skin tissue is generally
referred to as a wound [1–3] . Damage to skin, caused by
traumas or burn injury, dramatically reduces the quality of life
for patients [4] . Meanwhile, the long period of management
required for chronic wounds, such as diabetic foot ulcers,
pressure and venous leg ulcers, significantly increased the
rsity. 
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nancial burden of healthcare. According to the retrospective 
nalysis of the Medicare 5% data set for 2014, the chronic 
onhealing wounds impact about 8.2 million (15%) Medicare 
eneficiaries. The medicare cost projections for all wounds 
anged from $28.1 to $96.8 billion, and the outpatient costs 
$9.9–$35.8 billion) were higher than inpatient costs ($5.0–
24.3 billion) [5] . Moreover, the diabetic foot ulcers (30.5%) have 
 comparable 5-year mortality ratio to cancer (31%), which has 
emained unchanged since 2007 [6] . Naturally, the design and 

evelopment of biomaterials to accelerate the contraction of 
ounds is urgently demanded. 

Wound healing is a dynamic and interactive process 
nvolving four phases: coagulation and hemostasis,
nflammation, proliferation, and wound remodeling with 

car tissue formation. The four phases mediating the wound 

losure process involves the interaction between multiple cell 
opulation, soluble mediators, cytokines and so forth [7 ,8] , and 

he healing process is initiated immediately after the injury 
ccurred [9] . At the early phases of acute or chronic wound 

ealing, degranulation of platelets induced the release of 
latelet basic protein. And after proteolytic cleavage, it could 

elease neutrophil attractant NAP-2 family of proteins, which 

rovides a bolus dose of neutrophil chemoattractant activity 
o recruit and activate neutrophil leukocytes to destroy 
lanktonic bacteria [10] . Moreover, the neutrophil response of 
he wound site needs to be rapid and sustained in order to 
ffectively prevent the formation of biofilm. And the initiated 

eutrophil response from platelets has to be maintained 

y resident cells. And fibroblasts express several neutrophil 
hemoattractants very highly and secrete them in substantial 
uantities, which is a major source for these cytokines 

n skin. However, the chronic inflammation in the wound 

icroenvironment caused by oxidative stress, impaired 

ngiogenesis, increased expression of proinflammatory 
ytokines and bacterial infection, which might induce 
broblasts becoming senescent. And the senescence-like 
broblasts cannot recruit enough neutrophils to prevent the 
ormation of biofilm, which is a self-produced polysaccharide 

atrix by bacteria [11 ,12] . It is worthy note that the biofilm 

ould protect bacteria from pharmacological therapies and 

eutrophils, and in this case, the wound becomes chronic 
ue to the prolonged inflammatory phase [8 ,13] . And the 
rocess of infection caused by harmful bacteria has been 

eviewed [14 ,15] . Overall, bacterial infection might cause 
he wound come into chronic inflammatory state, and the 
ound will become chronic or nonhealing if no effective 

trategies were treated [14 ,16 ,17] . Besides the prolonged 

ound healing process caused by bacterial contamination, it 
as been reported that about 75% of the mortality following 
urn injuries stems from infection [1] . Therefore, the timely 
pplication of effective antibacterial agents is of great 
mportance for the promoted wound healing. 

Considering the sophisticated wound healing process,
n optimal wound dressing should be capable to remove 
ultifaceted obstacles in healing process of skin wound.

xcept anti-bacterial property, an ideal dressing should be 
iocompatible and biodegradable, maintain the moisture, be 
ermeable to oxygen, enable the exudate removal, prevent 
he wound from pathogens and mechanical irritation,
mprove cell behaviors and promote wound healing [18 ,19] .
ifferent kinds of antibacterial agents including antibiotics,
anoparticles (metal and metallic oxides and light-induced 

ntibacterial agents), cationic organic agents and others 
20 ,21] , are of great importance in defense against infection.
he integration of those antimicrobials into different forms of 
ound dressings, such as film [22] , hydrogel [23] , electrospun 

caffold [24] , sponge and foams [25 ,26] , have been developed 

o enhance antibacterial effect with controlled anti-infection 

ehavior. The integrated dressings with specific morphology,
omposed of natural/synthetic polymers and bioactive 
olecules, could not only achieve controlled antibacterial 

reatment, but also stimulate extracellular matrix (ECM) 
o improve cellular behavior and promote wound healing 
27–30] . 

Although painstaking effort has been devoted to the 
esign and development of effective wound dressing, there 

s still no dressing that tends to meet all the criterions 
equired for accelerated wound closure [9] . Moreover, a review 

aper that concerns different forms of wound dressings with 

ntimicrobial behavior has not been reported. In this review,
e will discuss various antibacterial agents (antibiotics,
ntibacterial nanoparticles, cationic organic agents and 

thers) impregnated into different formulations of dressing 
aterials (films, hydrogels, electrospun scaffolds, sponges 

nd foams) to accelerate wound healing, and the advantages 
nd disadvantages of biomaterials with different morphology 
erved as wound dressing will be discussed as well. Therefore,
t will provide a general insight to the elegant design and 

urther refinement of wound dressing. 

. Antibacterial agents 

acterial infections have been ever-growing threats to human 

ealth. With the improvement of public hygiene and biological 
echnology, various anti-infectious agents have emerged 

o effectively suppress bacteria contamination. Antibiotics 
ave been extensively applied to fight against bacteria,
nd conquered many infections. However, the development 
f drug resistance due to the improper use of antibiotics 
emains tough challenges to public health. To prevent human 

eings from infections, drug-resistant bacteria included, a 
ew generation of advanced antibacterial materials have been 

xtensively studied. And the existence antibacterial materials 
ould be classified into the following types: (I) antibiotics, (II) 
ntibacterial nanoparticles, (III) cationic organic agents, (IV) 
thers. Herein, the possible action mechanisms are described 

s well. 

.1. Antibiotics 

ntibiotics have been frequently used in the treatment 
f pathogenic strains since the 1940s [31] . Due to the 
ffective antibacterial therapies, various new antibiotics 
ave been discovered by the sophisticated semi-synthesis 
nd modification of natural molecules, which sheds new 

ights on the treatment of infected diseases. However, among 
he thousands of antibiotics that have been known, less 
han 1% are currently prescribed to patients with chronic 
ounds in clinics because of their toxicity to tissues [13 ,32] .
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Fig. 1 – Antibacterial mechanism of chitosan, metal-based nanoparticles and carbon-based composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

And so far only beta-lactams, quinolones, aminoglycosides,
glycopeptides, tetracyclines and sulphonamides have been
applied to fabricate antibacterial biomaterials [13] . Traditional
antibiotics act on intracellular targets to disrupt the function
of bacteria structure or their metabolic pathways. The
more detailed antibacterial mechanisms of antibiotics
have been extensively reported [13] . Among the various
bactericidal agents, antibiotics are the main agents for
the treatment of infected diseases in clinical practice.
Nevertheless, the evolution of various pathogens with
antibiotic resistance and systemic poisoning are promoted
because of its over-prescription and improper use [13 ,33] .
Thus, the development of appropriate local delivery systems
for antibiotics attracts lots of attention. Topical delivery could
maintain higher antibiotic concentration for a long period
in wound bed and avoid systematic toxicity [1] . Meanwhile,
the assembled platforms with various morphologies could
improve the antibacterial effect and reduce the abuse/misuse
of antibiotics, while regulating the bacteriostatic activities,
which makes antibiotic-based biomaterials powerful weapons
to fight against infected diseases. 

2.2. Nanoparticles as antibacterial agents 

2.2.1. Metal and metallic oxide 
Silver, known as broad spectrum antimicrobial agent, exhibits
strong activity against anaerobic, aerobic, Gram-positive
and Gram-negative bacterial strains [34 ,35] , and has been
applied as a healing agent by civilizations worldwide for
century. Its salt, silver nitrate and/or silver sulfadiazine,
is frequently used in clinical practice. Nevertheless, the
application of silver sulfadiazine might impair wound healing
[36] . Silver nanoparticles (Ag NPs) as both bactericidal
and antifungal agents have attracted much attention, and
wound dressings based on Ag NPs, such as Actisorb and
Acticoat, are commercialized [1] . One possible mechanism
suggested for the bactericidal property of Ag NPs is as
follows. Metallic silver is inactive and hardly absorbed by
mammalian or bacterial cells, while the ionized silver could
interact with the membrane proteins and increase the
permeability of membrane. After penetration into cell, silver
ions could inactivate vital enzymes and damage DNA, and the
production of reactive oxygen species (ROS) impose oxidative
stress on bacteria [1 ,34] . The antibacterial mechanism has
been depicted in Fig. 1 . However, the easy oxidation and the
aggregation of Ag NPs in practical application could greatly
reduce the bactericidal effect [37] . The combination of silver
with functional biomaterials could address those issues and
enhance the antibacterial effect. Moreover, Au nanoparticles
(Au NPs), usually known as biologically inert, play vital roles
in biomedical treatments, such as photothermal therapy (PTT)
and antibacterial activities, which could attach onto the
bacterial membrane and inactivate bacteria [38] . Au NPs with
various size could be functionalized with desired polymer to
form biocompatible biomaterials with multiple applications. 

Metallic oxide nanoparticles, including zinc oxide (ZnO)
and titanium dioxide (TiO 2 ), have been applied as inorganic
antibacterial materials, and the action mechanisms are
presented in Fig. 1 . Among various metallic oxides, ZnO
nanoparticles have been widely applied as antimicrobial
agents, which exhibits efficient bactericidal activity against
Gram-positive and Gram-negative pathogens, as well as
high-pressure resistant and heat-resistant bacteria [39] .
Some reported antibacterial mechanisms are as follows:
ZnO can bind to the cell membrane and induce increased
membrane permeability and cell lysis. Meanwhile, it could
produce ROS and inactivate pathogens [38] . Besides, the
released zinc ions could promote the growth of fibroblast
and the migration of keratinocytes, thus enhancing tissue
repair during wound healing [40 ,41] . Moreover, there are
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everal other metal and metallic oxide NPs (such as Ga,
gO, CuO, NiO, CeO 2 and Sb 2 O 3 ) have been demonstrated 

ith bactericidal activity and have been well documented 

n the reported reviews [42–45] , including the extensively 
ccepted antibacterial mechanism for mental and metallic 
xide NPs. However, it is widely accepted that nanoparticles 
ould penetrate biological membranes because of their 
mall size, and concerns about the long-term safety of those 
anoparticles, such as the toxicity caused by undesirable 
iffusion and degradation, and their influence on the 

mmune system, during the treatment against infections 
ave not been clarified [1 ,46] . Besides, the physical properties,

ncluding size, shape and nanostructure, also make a 
ifference on the antibacterial effect [46] . Naturally, the 
onstrained or topical application of those nanoparticles 
hould be achieved with the integration of specific 
ormulations. 

.2.2. Light-induced antibacterial nanoparticles 
anotechnology and nanomaterials have obtained significant 
rogress in providing innovative platforms to revolutionize 
ntibiotic-free strategies [47–52] . PPT is a safe and efficient 
trategy to fight against infections based on the heat 
enerated by nanoagents under the irradiation of near- 
nfrared (NIR) light (ranging from 700 to 1400 nm) [53] . NIR light 
xhibits deeper tissue penetration without obvious damage 
o normal tissues, which makes precise remote control 
f bactericidal treatment possible [54–56] . The antibacterial 
anomaterials with the ability to convert NIR light to heat 
ould be classified into the following four categories: carbon- 
ased composites ( i.e. graphene oxides, carbon nanotubes 

CNTs) and fullerenes), noble metal nanomaterials ( i.e. gold 

nd silver), metal sulfide nanomaterials ( i.e. molybdenum 

ulfide (MoS 2 ) and copper sulfide (CuS)), and polymeric 
anomaterials [46 ,57] . And several nanomaterials with special 
lectronic structure including CNTs and fullerenes, show 

emi-conductivity and ROS generation properties, which 

ould improve the antibacterial activity of those agents 
 Fig. 1 ) [58 ,59] . The photothermal effect of nanoagents (about 
0 °C) could denature the protein in bacteria, which has 
een declared without bacterial resistance [31] . Although the 
easible PTT has made great progress in clinical applications,
he damage to normal tissues and relatively low efficiency 
emain tough challenges. Recent efforts have been devoted to 
he design of nanomaterials with localized or bacteria-specific 
TT-based antibacterial applications [60–62] . 

Photodynamic therapy (PDT), as an alternative to 
ntibiotics, is another promising precise remote strategy 
o treat persistent bacteria [63] . Photosensitizer (PS), light 
ource, and oxygen are the three simultaneously present 
actors required in PDT [64] . The excited PS, under irradiation 

f light whose wavelength matches the maximum absorption 

f PS, could generate toxic ROS, including superoxides, singlet 
xygen ( 1 O 2 ) and hydroxyl radicals. The generated ROS 
ould destroy the cell membrane and DNA of pathogens [65] .
he mechanism of ROS generated by PS has been reviewed 

xtensively [31] . Most PS exhibit excellent bactericidal 
ctivity toward Gram-positive bacteria, but their activity is 
nsufficient for Gram-negative bacteria due to the distinct 

embrane structure. Meanwhile, the application of PDT has 
een limited by the hydrophobicity of most PS and the side 
ffects to healthy tissues. Therefore, various vehicles, such 

s polymer and nanomaterial, have been developed as PS 
elivery systems to improve the efficiency of PDT. Besides,
here are several materials themselves, including inorganic 
nd organic matrix, could produce ROS [66 ,67] . However, it 
s noteworthy that the concentration of ROS, which could 

e a contributing factor for cytotoxity, should be controlled 

n a therapeutic window for antibacterial treatment while 
nsuring the proliferation of cells. 

.3. Cationic organic agents 

ationic organic systems, including a series of natural and 

ynthetic organic polymers that possess large amounts of 
ositively charged groups, have the capacity to interact 
ith and be imported into negatively charged bacterial cell 
embrane [31] . Moreover, some cationic organic chemicals 

re positively charged amphiphiles with cationic and 

ydrophobic moieties. The positively charged group could 

nteract with the negatively charged lipid head groups in 

he outer surface of cell membrane, and the hydrophobic 
egments then promote the penetration and disruption 

f bacterial cell membrane, leading to the efflux of the 
ellular contents and bacterial death. Different from the 
ntibacterial mechanism of antibiotics, the cationic organic 
mphiphiles exhibit broad-spectrum antibacterial activity 
nd decreased pathogen resistance [33] . Due to the well- 
efined structure, biocompatibility and ease of synthesis,
hose cationic chemicals, including chitosan, antibacterial 
eptides, cationic polymers and others, have been extensively 
pplied to design and develop intrinsic antimicrobial systems 
or wound recovery. 

.3.1. Chitosan 

hitosan, as a cationic polymer derived from chitin, is a liner 
olysaccharide composed of β (1–4) linked d -glucosamine 
ith randomly located N -acetyl- d -glucosamine groups,
hich can significantly accelerate the re-epithelization [68] .
onsidering its biocompatibility and degradability, chitosan 

as attracted tremendous effort to design and develop 

arious chitosan-based biomaterials with different structures 
or various applications [69 ,70] . The amino groups on 

hitosan are easily protonated and endows the polymer 
ith intrinsic bactericidal effect ( Fig. 1 ). Meanwhile, the 

DA approved chitosan with hemostasis property has been 

idely reported as promising dressing materials for wound 

nd burn treatments [71] , and the commercial chitosan- 
ased dressing has emerged. However, chitosan itself exhibits 

imited solubility and antibacterial property. After combined 

ith other antibacterial agents, chitosan-based materials 
ften exhibit synergistic antibacterial activities with improved 

pecificity and enhanced efficiency [72] . Moreover, the 
acile modification of chitosan grants the materials with 

ultiple functionalities [73–75] , and quaternized chitosan 

as been extensively applied as biomedical material because 
f the improved solubility and antimicrobial activity [76–
8] . Therefore, chitosan-based materials with elegant design 

how prosperous application in biomedical filed, especially in 

ound recovery. 
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2.3.2. Antibacterial peptides 
Natural antimicrobial peptides (AMPs) play vital roles in the
innate immune systems based on their anti-inflammatory
and immunostimulatory activities. AMPs are mostly cationic
amphiphilic compounds, and mainly target bacterial
membranes or other targets instead of proteins as most
antibiotics do, which makes AMPs promising candidates for
treating resistance strains [64 ,79-82] . However, the application
of natural AMPs is limited due to the high production costs
and its environmental sensitivity. Inspired by natural AMPs,
synthetic amphiphilic polymers, composed of cationic and
hydrophobic residues, have been designed to assemble
polymers as bioactive reagents delivery systems that exhibit
inherent antibacterial property [83] . The well-designed
synthetic AMPs with improved stability could achieve better
targeting efficiency [84] . Nevertheless, more efforts are
needed to achieve the controlled synthesis of AMPs with
mass production to achieve the extensive application of
AMPs. 

2.3.3. Other cationic polymers 
Cationic polymers consist of natural and synthetic organic
polymers, whose networks possess numerous positively
charged groups. The electrostatic interaction between the
positively charged polymers and negatively charged bacterial
cell membrane could effective inactivate the pathogens,
and the cationic polymers have been applied to construct
antibacterial biomaterials [85 ,86] . Cationic polyethyleneimine
with linear or branched structures has been extensively
applied as antimicrobial materials for wound healing [87–89] .
Meanwhile, some positively charged monomers, such as
1-vinyl-3-butylimidazolium bromide [85 ,90] and sulfobetaine
methacrylate [91] , have been used to fabricate cationic
polymers as dressings for wound healing. Due to the flexible
synthesis of polymers, the emerging positively charged
polymers will provide a great variety for the fabrication of
antimicrobial materials as wound dressing. Although the
cationic polymers exhibit high antibacterial efficiency
without bacterial resistance, the complex fabrication
and long-term toxicity of those materials should not be
ignored. 

2.4. Others 

Materials with micro- or nanoscale structures commonly
exhibit distinctive functions [92 ,93] . Among the various
functionalities, the antimicrobial activity has magnified
extensive interests in recent years. The unique
physiochemical properties of patterned materials could
induce the bursting of bacterial cell membrane through
direct contact of materials and pathogens. It has been
demonstrated that graphene oxide nanosheets could damage
the lipid bilayer along the sheet edges [57] . Except for
the unique morphology of nanomaterials, the cicada and
dragonfly wings exhibit antimicrobial activity because of
the nanoscale pillar structure on their surfaces. Inspired
by the unique structure, some synthesized biomimetic
surfaces with similar nanotopography have been applied
for effective bacterial killing [94] . Moreover, the unique nano
and micro-patterned morphology on lotus leaves endows
the anti-biofouling surfaces with hydrophobicity and self-
cleaning properties, which could repel bacterial adhesion and
cell attachment. And the materials with anti-fouling surfaces
have been applied in the treatment of wound healing [91 ,95] .
The materials with patterned surfaces have shed new lights
on the elegant design of novel wound dressings. However,
the sophisticated preparation of the materials with patterned
surface discourages their wide application as antibacterial
agents. 

Natural product extracts, containing of secondary
metabolites, are precious medicinal sources for drug
development in biomedical application [96] . Herbal
extractions with integrative bioactive ingredients have been
extensively applied in the treatment of wound healing
since ancient times. Most of the extractions possess
biocompatibility, anti-inflammatory, oxidation resistance,
and could promote cell behaviors during wound contraction.
Curcumin, a hydrophobic pigment obtained from the rhizome
of the herb Curcuma longa, has powerful modulating effects
on regeneration and functional reconstruction of skin tissue
during wound healing [97] . Besides, many of other extracts,
such as lawsone [98] , berberine [99] , ostholamide [96] , aloe
vera [100] , gymnema sylvestre [101] , tea tree oil [102] and so
on, have been impregnated into different formulations as
wound dressing to accelerate wound contraction. Meanwhile,
the complex isolation and purification of those extractions
still remains a challenge. 

Inorganic biological materials, including bioactive
glass (BG) and biological ceramics, with biocompatibility,
biodegradability and tissue regeneration, has been extensively
applied in bone tissue recovery. It has been reported that the
monodispersed BG nanoparticles could accelerate chronic
wound healing through promoting angiogenesis. Biological
ceramics and BG with inherent antimicrobial properties show
promising application in wound recovery [103 ,104] . Moreover,
doped with copper or modified with AMPs could enhance the
antibacterial activity [105 ,106] . 

Apart from the categories of antibacterial agents
mentioned above, other antimicrobial agents such as honey
[107] , lysozyme [106] , NO [108] , elemental iodine [109] ,
diclofenac [110] , cationic betaine ester [111] , chlorhexidine
[112] , bentonite [113] , metal-organic frameworks [95] , and
other chemicals have been impregnated into different
formulations for accelerated wound recovery. The healing
properties of honey have been proved since time immemorial
and it can promote wound healing while reducing scar
formation, especially in burns wound management [114 ,115] .
Many essential oils derived from natural products have
been reported to show good antibacterial properties, such
as eupatorium adenophorum essential oil [116] , zataria
multiflora essential oil [117] and salvia officinalis essential
oil [118] . The possible antibacterial mechanism of essential
oil has been reported in the existing review [13] . It has
also been reported that eugenol [119] , seaweed extract
[120] , grapefruit seed extract [121] , thymol [122] , cordycepin
[123] and sanguinarine derived from Sanguinaria canadensis
L. and Chelidonium majus L [124] , exhibit good antibacterial
activity after impregnated into proper platforms. NO has
broad antibacterial properties by forming ROS that can
interact with various bacterial proteins, DNA, and enzymes
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Fig. 2 – Schematic illustrations of wound healing phases consist of hemostasis, inflammatory, proliferation and wound 

remodeling with scar tissue formation. Reproduced from [135] with permission from American Chemical Society. 
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o cause bacterial cell death [125] . Moreover, iodine has been 

sed in a variety of antibacterial detergents. Povidone iodine 
repared with povidone as a polymer carrier [126 ,127] and 

odine doped into titanium dioxide [128] have been reported 

ith excellent antibacterial property. 

. Antibacter ial biomater ial as wound dressing 

t is widely accepted that bacteria could inherently colonize 
n both biological and non-biological surfaces, an open wound 

ncluded. At the beginning of chronic wound formation, Gram- 
ositive bacteria, especially S. aureus , are dominant. Then 

ram-negative species, such as E. coli and P. seudomonas ,
re detected and tend to invade deeper layers of skin 

ausing significant tissue damage [13] . To mitigate the high 

isk of morbidity and mortality, labs around the world 

ave devoted to developing antibacterial dressing to prevent 
ontamination and accelerate wound healing [87 ,89 ,129-134] .
iomaterials with different forms, such as films, hydrogels,
lectrospun scaffolds, sponges and foams, made of synthetic 
r natural materials have been developed for the treatment 
f wounds, which could significantly promote the process 
f wound healing, including the four phases of coagulation 

nd hemostasis, inflammation, proliferation, and wound 

emodeling with scar tissue formation ( Fig. 2 ). 

.1. Films 

ilms are thin and elastic polymers, which are often applied 

s semi-permeable dressings due to their ability to protect 
he wound from external environment, and to be shaped to 
t different body configurations [136–139] . The film dressings 
re commonly permeable to oxygen and moisture vapor 
hile impermeable to bacterial. They have been developed 

o specifically control superficial lacerations and wounds 
hat are mildly exudative, such as thin burn wounds, venous 
atheter sites, and donor sites for split thickness skin 

rafts, due to the limited absorptive capacity [140] . One 
dded advantage is that the films made from functionalized 

iocompatible materials are excellent carriers for bioactive 
gents [65 ,112 ,141-143] , such as antibiotics [110 ,144 ,145] ,
nd nanoparticles [106 ,146] . A list of antibacterial films 
s wound dressing is presented in Table 1 . Moreover, the 
oaded films afford easy sterilization and become pliable 
fter hydration, without compromise to their mechanical 
trength [147] . Therefore, the design and development 
f novel film dressings show promising application in 

reatment of wound healing. Antibiotic, as potent bactericidal 
gents, has been incorporated into different formulas 
o promote wound healing through controlled release 
ehavior. Our group has developed electroactive anti-oxidant 
olyurethane elastomers with shape memory property 
ased on polycaprolactone (PCL), poly (ethylene glycol) (PEG),
nd aniline trimer (AT) ( Fig. 3 ). The films, with a T g close
o human body temperature, show good shape memory 
apacity, which is beneficial for wound recovery through 

hape recovery-assisted closure of cracked wounds. The 
ancomycin loaded film exhibits a rapid release in the first 
our and completely release in 24 h, which is beneficial 

or the anti-infection of wound, and it could significantly 
ccelerate in vivo wound healing process [148] . Contardi et 
l. [149] fabricated a self-adherent transparent bilayer films,
or the sequential delivery of antiseptic and ciprofloxacin,
ased on polyvinylpyrrolidone and hyaluronic acid. The in 
itro release of antiseptic reached 100% within the first 24 h,
hile the release of ciprofloxacin sustained over a period of 
 d, and the sequential delivery of antimicrobials endows 
he films with effective antibacterial properties. The in vivo 
ound healing evaluation demonstrates that the bilayer films 

ould be completely resorbed by the wound, most likely via 
ntegrating into the repaired tissue. 

Chitosan (CS), as an antibacterial material, has been 

pplied to prepare various dressings. Because of the 
nsufficient bactericidal effect, CS is usually applied 

n combination with other agents [100 ,113 ,150 ,151 ,153] .
urcumin, as an antioxidant and anti-inflammatory agent,
lays important roles in the regeneration and functional 
econstruction of skin tissue. Li et al. [97] developed a 
urcumin loaded film based on CS and methoxy PEG,
nd the biocompatible film with antioxidation property 
ould greatly increase the collagen synthesis and promote 
ound healing. Liu et al. [100] designed a CS/aloe film with 

urcumin-encapsulated poly(lactic-co-glycolic acid) (PLGA) 
icrospheres incorporated for skin regeneration ( Fig. 4 ). The 

ncapsulation efficiency and loading efficiency of curcumin 

re 77.56% and 13.85%, respectively. Curcumin in the film 

hows a release profile with a moderated burst release 
ollowed by a sustained release (with a cumulative release 
mount of ∼89.20%). The bacterial colonies around the films 
ere completely inhibited due to the sustained release 
f curcumin, the presence of CS and aloe. In vivo wound 
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Table 1 – Antibacterial films for wound healing applications. 

Main component Antibacterial agent Bacteria Wound model Ref. 

CS/ PVA CS/gentamicin E. coli, S. aureus – [150] 
PVP/HA Antiseptic/ciprofloxacin E. coli, S. aureus I [149] 
PCL/PEG/AT Vancomycin S. aureus I [148] 
Carrageenan/ PEO Streptomycin, diclofenac E. coli, S. aureus, P. aeruginosa – [110] 
Astaxanthin/ collagen Gentamicin – I [145] 
CS/PEG/ZnO/Ag CS/ZnO/Ag E. coli – [151] 
CNCs/CS/Cur Ag/Cur/CS – I [146] 
LL37-SH peptide/collagen/Ag LL37-SH / Ag P. aeruginosa – [142] 
PDMS/PNIPAM/Au Au E. coli, S. aureus, P. aeruginosa II [60] 
PVA/ZnO/CuO/Au Zn 2 + , Cu 2 + , Au E. coli, S. aureus III [152] 
Cu-BG/ESM Cu −BG E. coli I [106] 
GO/CS/CaSiO 3 GO /CS E. coli III [153] 
CS/montmorillonite Chlorhexidie/CS S. aureus, P. aeruginosa – [112] 
PVA/CS/ GO GO/CS E. coli, S. aureus I [143] 
Cur/MPEG/CS Cur/CS – I [97] 
CS/aloe/PLGA/Cur CS/aloe/Cur E. coli, S. aureus I [100] 
CS/NO CS/NO S. aureus, P. aeruginosa I [108] 
CS/PVP/BN CS/BN E. coli, S. aureus, P. aeruginosa I [113] 
PU/gelatin/HA/bemiparin AMPs – IV [137] 
Cornstarch/HA/EEP EEP E. coli, S. aureus, P. aeruginosa I [141] 

Fig. 3 – (A) The shape memory behavior displays in practical applications of PCL-PEG-AT12. (B) Illustration of wound 

recovery by applying PCL-PEG-AT12 film. (C) Release behavior of vancomycin from the copolymers at 37 °C in pH 7.4 PBS. 
PCL-PEG-ATx: PCL-PEG-AT with different weight ratio of AT. Reproduced from [148] with permission from Elsevier. 

 

 

 

 

 

 

 

 

 

 

 

closure evaluation shows that the films could promote
wound healing with a higher level of integrity and reduced
inflammation as compared to other groups. As silver and its
derivatives show broad spectrum of antimicrobial activity,
Liu and Kim [151] prepared a genipin-crosslinked CS/PEG
film, with various amounts of ZnO and Ag NPs loaded. The
resulting film shows significantly enhanced antibacterial
activity against Gram-negative and Gram-positive pathogens.
Moreover, the promising therapeutic agent with antibacterial
capacity, NO, could be incorporated into CS films to achieve
controlled release of NO and potent bactericidal effect
[108] . 
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Fig. 4 – The design and application of curcumin-loaded PLGA microspheres incorporated CS/aloe films. (A) The illustration 

for the preparation of the films. (B) The release behavior of curcumin. (C) Images of full-thickness skin wound treated with 

different samples during the healing process. Film-1: CS/aloe films. Film-2: CS/aloe-PLGA microspheres films. Film-3: 
curcumin-loaded Film-2. Reproduced from [100] with permission from Elsevier. 
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Photo-assisted bacteria killing has emerged as an 

ffective strategy against pathogens even after drug 
esistance has been developed. Wang et al. [152] designed a 
VA@ZnO@CuO@Au NPs film for combined antimicrobial 
hototherapies. Upon irradiation with 635 nm laser 

2.0 W/cm 

2 ), Au NPs could induce efficient temperature 
ncrement, while enhancing the ROS generation by ZnO and 

uO. The film has an antibacterial efficacy of 98.7% against 
. coli and 97.5% against S. aureus after 10 min irradiation.
he in vivo evaluation of diabetic wound healing turns out 

hat the composite films could significantly accelerate the 
ound healing process. However, untargeted thermoablative 
pproaches could cause injury to the surrounding normal 
issues. To downscale the heat sources and reduce the 
ide effects, Hu et al. [60] presented a thermal-disrupting 
nterface induced mitigation (TRIM) bi-layer film based on 

 poly(dimethylsiloxane) (PDMS) substrate with patterned 

-μm wide microridges and microvalleys, and a thermal 
esponsive poly(N-isopropylacryl-amide) (pNIPAM) hydrogel 
mmobilized with gold nanostars (Au NS) ( Fig. 5 ). Under 

oderate NIR irradiation (70 mW/cm 

2 ), pNIPAM shrinks and 

ocalizes the Au NS in the microvalleys, where planktonic 
acteria preferentially attach to. The resulting film shows 
lmost 100% decontamination efficiency with 30 min NIR 

rradiation, while minimizing the risk of host cells damage 
nd reducing intercellular cohesion loss during PTT. The in 
ivo studies in S. aureus infected mice reveals that the films 
ere effective at eliminating infection and promoting wound 

ealing. 

.2. Hydrogels 

ydrogels, with three-dimensional porous structure, are 
ommonly composed of natural/synthetic polymers through 

hysical or chemical crosslinking. Much attention has 
een attracted to hydrogels as wound dressing because 
hey exhibit excellent wound exudate absorptive property,

oisture retention capacity, and oxygen permeability [154–
60] . More importantly, the desired traits of hydrogels could be 
btained through carefully selecting or modifying monomers 
nd crosslinkers, and the highly inclusive hydrogel could 

e applied as carrier for various bioactive factors [161–
67] . The design and development of intelligent responsive 
ydrogel with injectability further expanded the application 

f hydrogel dressing [12 ,135 ,168-178] , which is conducive for 
he treatment of wounds with an irregular shape. However,
n addition to providing a moist environment during wound 

ealing, the highly hydrated hydrogel matrix is also attractive 
or pathogens, and the risk of infection increased. Hydrogels 
ith inherent antibacterial property [72 ,77 ,85 ,87 ,179-182] , or 

oaded with bactericidal agent, such as antibiotics [168 ,183- 
88] , metallic reagent [95 ,104 ,189-192] , AMPs [83 ,193 ,194] ,
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Fig. 5 – The topical thermal ablation of the TRIM films. (A) TRIM films with flat surface normally while reproducing 
corrugated microtopography during heating ( via infrared-light irradiation). The corrugated surface would induce thermally 

activated disruption of the biofilm and facilitate the ablation of planktonic bacteria, while mitigating the thermal harm to 

host epithelium. (B) Fluorescence images show that S. aureus (green) attached within feature gaps when dispersed on films 
with different features. On surfaces with 5 μm and larger features, S. aureus formed aggregates. Inset: PDMS film with varied 

features. Scale bar: 50 μm. (C) Antibacterial efficiency of TRIM films or flat film. Reproduced from [60] with permission from 

WILEY-VCH. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

photo-assisted antibacterial agents [195–199] , or surfactant
[200 ,201] , have shown desired antimicrobial activity for
promising application in chronic wound healing ( Table 2 ). The
rapid development of science and technology encourages the
emerging of novel hydrogels as dressing to promote wound
healing. 

As commonly applied bactericidal agents, antibiotics
play important roles in anti-infection. Topical delivery of
antibiotics with a sustained release behavior is of significant
importance in the treatment of chronic wound. Our lab
has reported several conducting hydrogels to achieve
the sustained release of antibiotics [161 ,186 ,187 ,207] . The
antibacterial hydrogels based on hyaluronic acid-graft-
dopamine and reduced graphene oxide achieved sustained
release of doxycycline with zone of inhibition against E. coli
and S. aureus over several days ( Fig. 6 ). The in vivo evaluation
demonstrated that the multifunctional hydrogel could
enhance vascularization through upregulating the production
of CD31, improve the granulation tissue thickness and
collagen deposition. To achieve an on-demand therapy, Wu
et al. [202] reported a NIR triggered on-demand drug delivery
system based on ciprofloxacin (Cip) loaded polydopamine
nanoparticles and glycol chitosan. The injectable hydrogel
exhibits markedly enhanced release of Cip under NIR
irradiation (0.5 W/cm 

2 ), and the composite hydrogel could
effectively inactivate ∼99.88% S. aureus and ∼99.99% E.
coli cells with NIR irradiation due to the synergistical
effect of photothermal treatment and boosted antibiotics
release, and the morphology of bacteria after different
treatment was investigated. The in vivo wound healing
was evaluated in the infected skin wound model of mice.
The wound treated by the composite hydrogel with NIR
irradiation almost disappeared on day 4, demonstrating the
significantly accelerated wound healing process. To achieve
real-time monitoring, point-of-care diagnosis and on-demand
therapy, Pang et al. [61] designed a smart flexible electronics-
integrated double-layer wound dressing. The upper layer
is a PDMS network incorporated a thermal sensor and an
ultraviolet light-emitting diode (UV-LED), and the lower layer
is a gentamicin loaded hydrogel through an UV-cleavable
linker. And the temperature of wound could be wirelessly
transmitted to a portable terminal equipment by Bluetooth
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Table 2 – Antibacterial hydrogels for wound healing applications. 

Main component Antibacterial agent Bacteria Wound model Ref. 

Alginate /bFGF Rifamycin S. aureus I [183] 
PDMS/PEG/PEGDA Gentamicin S. aureus II [61] 
GC/PDA Ciprofloxacin/PDA (PTT) E. coli, S. aureus II [202] 
D Leu-Phe-Phe Ciprofloxacin E. coli, S. aureus – [184] 
Cellulose/PDA Tetracycline E. coli, S. aureus I [185] 
CEC/OHA-AT Amoxicillin E. coli, S. aureus I [168] 
HA/PDA/chitin Ag/gentamicin E. coli, S. aureus, MRSA II [188] 
GT-DA/CS/CNT-PDA Doxycycline/CSCNT-PDA E. coli, S. aureus II [186] 
HA-DA/rGO/ PDA Doxycycline/rGO/PDA (PTT) S. aureus, P. aeruginosa I [187] 
Gelatin/ODex Chlorhexidine E. coli, S. aureus I [201] 
PAM/HPMC Ag E. coli, S. aureus I [131] 
PDA/PVA/PANI Ag E. coli, S. aureus III [203] 
CMC Ag/Ag@AgCl/ZnO E. coli, S. aureus VI [204] 
PEP Ag@rGO E. coli, MRSA II [205] 
SA/HS HS (Zn 2 + ) E. coli I [104] 
ZIF-8/PVA Zn 2 + E. coli II [95] 
FA/PDA Quantum dots/ZnO/PDA (PTT) E. coli, S. aureus I [40] 
p(NIAAm/Am) CuS E. coli, S. aureus I [191] 
PVA Ag 3 PO 4 /MoS 2 S. aureus II [198] 
PVA CuS/MoS 2 E. coli, S. aureus II [199] 
PVA/SA Tb 3 + /rGO S. aureus, P. aeruginosa III [206] 
Agarose/TA/Fe (III) TA/Fe (III) E. coli II [196] 
PLGA/bFGF/ CMCS Sinoporphyrin sodium S. aureus, MRSA V [197] 
CS BP (PDT) E. coli, S. aureus II [195] 
PEI-PEGMA/ PEGDMA PEI-PEGMA MRSA, CRPA, A. baumannii I [87] 
CMMC/MCs Quinone groups/ amino groups E. coli, S. aureus,MRKO, ARSA, AREC I [182] 
QCS/PF127CHO/Cur QCS/Cur E. coli, S. aureus I [72] 
QCSP/PEGS-FA QCSP/PEGS-FA E. coli, S. aureus I [180] 
CS/oxidized KGM CS E. coli, S. aureus I [181] 
Modified HA Halogenated HA E. coli, S. aureus II [179] 
PIL/PVA PIL E. coli, S. aureus, B. subtilis I [85] 
PVP/ p(Am/VBIMBr) VBIMBr E. coli, S. aureus, C. albicans I [90] 
PEA/AMPs AMPs E. coli, S. aureus II [83] 
BCD/PDA/PAM BCD E. coli, S. aureus II [86] 
QCS/PA@Fe QCS/PA@Fe E. coli, S. aureus, MRSA II [135] 
SFMA-Ce6 PDT(Ce6) S. aureus II [174] 
EGCG/PBA/PAM EGCG E. coli, S. aureus III [12] 
PCEC-QAS QAS E. coli, MRSA II [173] 
ODEX/HA-AMPs/PRP AMPs E. coli, S. aureus, P. aeruginosa II [82] 
Arg-PEUU/ CS-GMA Arg-PEUU/ CS-GMA E. coli, S. aureus – [164] 
BSA/KK/Ag + Ag + S. aureus II [166] 
PGE/OHA/ MXene@PDA PGE/ MXene@PDA E. coli, S. aureus, MRSA II [165] 
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 Fig. 7 ). Once the temperature is higher than 40 °C for a
ertain period, the UV-LED would be turned on to trigger the 
elease of antibiotics in situ to achieve on-demand dynamic 
ntervention. The evaluation of the real-time monitoring 
nd on-demand treatment of the integrated wound dressing 
n infected wound model reveals that the proof-of-concept 
tudy shed a new light on the diagnosing and treatment of 
nfected wounds. 

Nanocomposite hydrogel loaded with inorganic 
ntibacterial materials, especially Ag NPs and ZnO NPs,
ould maintain potent antibacterial effect for a long period 

f time, which reduces the productions of superbugs [39] .
in et al. [203] reported a conductive antibacterial hydrogel 
ith polydopamine decorated Ag NPs (PDA@Ag NPs/CPHs) 

or epidermal sensors and diabetic foot wound dressing.
he hydrogel exhibits broad antibacterial activity and 
ignificantly promotes the healing of diabetic foot wounds 
ith an appropriate inflammatory environment conducive 

o wound recovery, compared with the control group (PBS) 
 Fig. 8 ). Block copolymer with determined constitutions could 

orm micelle, and thermal-responsive irreversible gelation of 
he block polymers could be initiated through micelle packing 
nduced by temperature enhancement, which is an effective 
trategy to prepare hydrogels in situ [173 ,205] . A sprayable 
n situ formed hydrogel based on reduced graphene oxide 
anosheets decorated with Ag NPs is designed [205] . The 
ressing exhibits excellent antibacterial capacity and could 

bviously promote the healing of an infected skin defect.
oreover, a zeolitic imidazolate framework-8 contained 

omposite hydrogel was fabricated based on PVA hydrogel 
embrane by microfluidic-emulsion-templating method 

95] . The omniphobic dressings from intrinsic hydrophilic 
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Fig. 6 – (A) Inhibitor zones from sterilizing effectiveness test against E. coli and S. aureus . (B) Histomorphological analysis for 
regeneration of wounds treated with different samples. Reproduced from [187] with permission from WILEY-VCH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

polymers with exquisite reentrant microstructures endows
the material with antifouling property, and the hydrogel
exhibits bactericidal and anti-inflammatory properties due to
the released Zn 

2 + form the network. And the in vivo results
demonstrated the enhanced healing efficacy for chronic
wounds. Except for the inherent antibacterial property,
the ROS generated in the photocatalytic activity of the
nanomaterials has been reported as a potent bactericidal
strategy. Wu et al. [204] designed a Ag/Ag@AgCl/ZnO
nanostructure embedded carboxymethyl cellulose hydrogel in
situ through a two-step process. Under visible light irradiation,
the ZnO incorporated with Ag NPs increased the generation
of ROS with highly effective antibacterial property due to the
enhanced photocatalytic activity. And the released Ag + and
Zn 

2 + further promote the antibacterial effect. The hydrogel
could inactivate 95.95% of E. coli and 98.49% of S. aureus after
exposure to simulated sunlight for 20 min. The hydrogel could
stimulate the immune function to produce a large number of
white blood cells and neutrophils, and significantly accelerate
the wound healing process. 
Phototherapy against infections is a minimally invasive
strategy that could cause irreversible damage to pathogens
through a photochemical reaction, which may not induce
bacterial resistance. Our lab has reported an injectable
and dissolvable antibacterial hydrogel dressings based
on poly (glycerol sebacate)-co-poly (ethylene glycol)-g-
catechol prepolymer (PEGSD) and UPy-hexamethylene
diisocyanate (HDI) synthon modified gelatin (GTU). The
catechol–Fe 3 + coordination between PEGSD and Fe 3 + bestows
the dressing with pH-responsiveness, photothermal capacity,
tissue adhesiveness, and free radical scavenging property.
Combined with the quadrupole hydrogen bonding of
GTU, the physical double-network hydrogel possesses
self-healing, shape adaptability and on demand acidic
solution washing/NIR irradiation-assisted removal ( Fig. 9 ).
The hydrogel (PEGSD2/GTU5.0) could completely inactivate
E. coli and S. aureus under NIR irradiation for more than
5 min (1.4 W/cm 

2 ). With adhesion strength of ∼5 KPa, The
PEGSD2/GTU5.0 could seal the incisions and promote wound
closure, and the healed skin exhibit higher mechanical
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Fig. 7 – The design and working principles of the smart flexible electronics-integrated double-layer wound dressing. (A) The 
smart dressing consists of a PDMS-encapsulated flexible electronic layer and an UV-responsive antibacterial hydrogel. (B) 
Schematic illustration of the integrated dressing for infected-wound monitoring and on-demand treatment. Reproduced 

from [61] with permission from WILEY-VCH. 

Fig. 8 – The wound healing evaluation of PDA@Ag NPs/CPHs. (A) Photos of the diabetic feet treated with different samples 
(The control group is treated by pure carboxymethyl cellulose hydrogel). (B) Quantification of wound residual area. (C) 
Quantification of inflammatory cells. ∗P < 0.05, ∗∗P < 0.01, and 

∗∗∗P < 0.001. Reproduced from [203] with permission from 

WILEY-VCH. 
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Fig. 9 – Beneficial effects and application of the physical double-network hydrogel. (A) Shape-adaptive performance of 
PEGSD2/GTU5.0. Scale bar: 1 cm. (B) Photographs of hydrogel macroscopic self-healing performance when assisted with NIR 

irradiation (1.4 W cm 

−2 ). Scale bar: 1 cm. (C) The original state and withstanding joint bending of the soft and flexible 
hydrogel PEGSD2/GTU5.0. Scale bar: 1 cm. (D) Adhesive strength of the hydrogels on pig skin. (E) Representative photographs 
of rat full-thickness skin incision wounds at day 0, 7 and 14 post-surgery, scale bar: 5 mm. (F) Relative tensile strength of 
healed skins after treated for 14 d 

∗P < 0.05 and 

∗∗∗P < 0.001. Reproduced from [208] with permission from WILEY-VCH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

strength compared with the surgical suture and medical
glue groups [208] . Besides, hydrogel could be applied as an
ideal delivery platform for PS. Wang et al. developed a smart
hydrogel composed of porphyrin PS sinoporphyrin sodium
and growth factor encapsulated PLGA nanospheres that
embedded in the hybride network [197] , which could achieve
the controlled release of the bioactive ingredients. Under
mild photoirradiation (30 J/cm 

2 , 5 min), the resulting hydrogel
could almost completely (higher than 99.9%) inactivate S.
aureus and multidrug-resistant S. aureus in vitro . In an in vivo
burn wound model, the hydrogel along with PDT accelerate
the wound healing process with limited inflammation,
higher collagen deposition, and rapid epithelialization. Due
to the instability of organic PS, inorganic ingredients have
attracted much attention. Wu et al. [195] fabricated a black
phosphorus nanosheets embedded hybrid hydrogel via
simple electrostatic interaction. Almost 95% pathogens could
be killed by the hydrogel even after four times repeated
illumination of visible light. Therefore, the inorganic PS
loaded hydrogel could fulfill repeated antibacterial effect and
promote wound healing. 
Hydrogels with inherent antibacterial activity have been
developed as effective antibacterial reagents with minimal
side effects [39] . Various ionic liquids and poly (ionic
liquids) with excellent bactericidal activity against pathogens
have been applied to prepare antibacterial dressing. Li
et al. [90] fabricated antibacterial hydrogels through a
facile approach by mixing PVA and the copolymer of 1-
vinyl-3-butylimidazolium bromide and acrylamide, and the
positive-charged poly(ionic liquid) endows the hydrogel
with excellent antibacterial capacity. The in vivo results
demonstrate that the hydrogel could effectively promote
the wound healing process. Besides, antibacterial peptides,
with strong antibacterial activities, are recognized as a
possible strategy for the treatment of antibiotic-resistant
pathogens. A biomimetic dopamine-modified-poly- l -lysine-
PEG-based hydrogel was developed to prevent infection and
promote wound healing [194] . Moreover, to further improve
the antimicrobial activity and cell behavior during the
healing process, our group loaded curcumin into quaternized
chitosan and benzaldehyde-terminated Pluronic F127 [72] .
The inherent antibacterial hydrogel from QCS exhibits pH-
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Fig. 10 – (A) In vitro release kinetics of curcumin from the 
hydrogels in PBS at pH values of 7.4, 6.8 and 6.0. (B) 
Adhesive strength of different hydrogels. (C) Scheme of the 
self-healing process. (D) Schematic diagram of model drug 
(curcumin) released from hydrogel when it was applied on 

the joints. Reproduced from [72] with permission from 

Elsevier. 
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esponsive release of curcumin, good wet adhesiveness on 

orcine skin ( ∼5 kPa) and fast self-healing ability to bear 
eformation of joints ( Fig. 10 ). The formed injectable hydrogel 
xhibits robust bioadhesion performance and hemostatic 
roperty, and possesses antimicrobial activity against Gram- 
egative and Gram-positive bacteria, which shed a new light 
n the fabrication of antibacterial dressing for joints skin 

ound healing. 

.3. Electrospun fibrous scaffolds 

ound healing scaffold with architecture similar to ECM 

an improve cell behavior and tissue regeneration [1 ,210- 
12] . Electrospinning is known as a promising technique to 
roduce fibers with diameters in the range of nanometers 
o micrometers. High voltages are applied to overcome the 
urface tension of polymer solution and generate aligned 

r random nanofibers mats [103 ,213 ,214] . Moreover, the 
orphology and properties of the fibers could be adjusted 

ccompanied by the change of electrospinning parameters.
he electrospun mats exhibit high specific surface area,
igh aspect ratio and high porosity, which endows the mats 
ith enhanced exudate absorption and permeability for 
ater and oxygen [101 ,215 ,216] . The inherent small pores 

nable the fibers to prevent the invasion of exogenous 
icroorganisms, and several mats with inherent bactericidal 

ctivity have been reported. Nanofiber films composed of 
CL and melamine-modified silk fibroin (SF–Mel/PCL) were 
abricated via electrospinning for skin regeneration [209] .
he films with a structure similar to that of ECM, exhibit 
road-spectrum antibacterial activity against E. coli and 

. aureus , and promoted epithelial cell proliferation and 

evascularization ( Fig. 11 ). Guo et al. [217] prepared a series 
nherent antibacterial nanofibers through electrospinning 
oly( ε-caprolactone) and quaternized chitosan-graft- 
olyaniline polymer solutions. The fabricated mats with 
nti-oxidant and electroactive property, could reduce the 
roduction of TNF- α and upregulate expression of VEGF 
 Fig. 12 A and 12 B ), and accelerate the healing of cutaneous
kin wound. Meanwhile, antibacterial and bioactive agents 
an be facilely incorporated into the fibers in situ or 
hrough post-electrospinning modification to satisfy multiple 
iomedical application [218–220] , and the methods have been 

iscussed in previous reviews [221] . The release behavior 
f reagents could be controlled by the selection of polymer 
nd electrospinning parameters. Antibacterial agents, such 

s antibiotics [91 ,222-226] , inorganic nanoparticles (Ag, ZnO,
iO 2 ) [24 ,88 ,227-231] , herbs [96 ,98 ,99 ,105] , AMPs [84 ,232 ,233] ,
ositively charged polymers [209 ,217 ,234] , and PS [235 ,236] ,
ave been incorporated into nanofibers, which shows 
romising application in wound healing. Table 3 summarizes 
he reports on antibacterial electrospun scaffolds as wound 

ressing. The design and fabrication of various functional 
lectrospun nanofibers inspired the innovation of wound 

ressing. 
Through blend electrospinning, antibiotics could be 

acilely loaded into nanofibers [240] . Zhao et al. [91] fabricated 

 tetracycline hydrochloride loaded zwitterionic composite 
anofibers mats through a gradational co-electrospinning 
ethod. The combination of hydrophobic PCL with the 

mino-modified hydrophilic zwitterionic polymer endows 
he membrane with anti-fouling performance, moisture 
etention, as well as the sustained release of the antibiotics 
ith the intervention of halloysite (about 20 d). The diameters 
f the inhibition zone almost remained unchanged after 7 d 

f continuous incubation. The in vivo recovery of skin defects 
emonstrates that the prepared membrane could significantly 
romote the wound recovery. To grant the nanofibers 
ith bactericidal effect against multidrug-resistant (MDR) 
athogens, antibiotic intermediate capped Au NPs was 
mbedded into the PCL/gelatin electrospun nanofibers [239] ,
he scaffolds as wound dressing in MDR bacteria infected full- 
hickness wounds show promoted wound healing process.
esides enhanced bactericidal efficiency, bioactive reagents 
ould also be incorporated into nanofibers to promote wound 

ealing. The PCL nanofibers, impregnated with ciprofloxacin 

ydrochloride-loaded and zinc ions containing mesoporous 
ilica nanospheres, show the ability to stimulate the behavior 
f cells, promoting angiogenesis and hair follicle regeneration.
he small amount of zinc ions and antibiotics synergistically 
nhance the bactericidal efficiency [225] . The nanocomposite 
ats could significantly accelerate the process of infected 

ound healing. Moreover, on-demand infection therapy could 

e achieved by flexible electronic device, assembled from 

NIPAM-based thermoresponsive electrospun mats with 

oxifloxacin hydrochloride-loaded, through a conductive 
attern [222] . 

Herbal extracts have been extensively applied for the 
reatment of burns and wounds since ancient times [98 ,238] .
anthanakrishnan et al. [96] loaded ostholamide into 
olyhydroxybutyrate and gelatin nanofibers with a coating of 
ollagen, which exhibits a structure similar to that of ECM,
s well as excellent biocompatibility and biodegradability.
he prepared nanofibers show high antibacterial efficiency,
specially against E. coli and P. aeruginosa . Additionally, the 
caffolds could promote the re-epithelialization of a full- 
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Fig. 11 – The electrospinning of SF–Mel/PCL nanofibers as wound dressing for skin repair and regeneration. Reproduced 

from [209] with permission from The Royal Society of Chemistry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

thickness wound while reduce the inflammation. Curcumin,
with anti-inflammatory, anti-oxidant and antibacterial
properties, has been widely used to promote wound healing.
The curcumin loaded nanofibers based on PCL and gum
tragacanth were fabricated for wound healing in diabetic
rats [238] . The resulting mats could inactivate 99.9% MRSA,
increase collagen content, and effectively promote the wound
recovery. In addition, inspired by Chinese herbal formulas,
Chang et al. [105] prepared a PCL/gelatin electrospun fiber
containing cuprorivaite and quercetin-copper chelates, which
could stimulate hair follicle regeneration and promote wound
healing. 

With the rapid development of nanotechnology, various
functional nanoparticles could be uniformly incorporated
into nanofibers during electrospinning to enhance the
efficiency of wound healing. Richter et al. [228] reported a
novel nanofibers composed of jellyfish biomass and PCL,
then Ag NPs was incorporated into the mats through in situ
bio-template synthesis. The biocompatible nanofibers with
core-shell structure could completely inhibit the growth of
pathogens, and the porcine wound healing evaluation reveals
the promoted wound healing with higher degree of wound
epithelialization. Moreover, ZnO was loaded into crosslinked
alginate electrospun nanofibers with PEO as a template [24] .
The strontium crosslinked nanofibers, with cell adhesion
and growth performance similar to commercial collagen
membrane, exhibit significantly lower protein absorption
and almost no adhesion of pathogens. The prepared mats
with considerable mechanical strength and wettability show
promising application as wound dressing. Meanwhile, PTT as
a minimally invasive treatment has attracted much attention.
Wu et al. [237] presented a Cu 2 S nanoflowers incorporated
micropatterned nanocomposite membrane comprising of
poly(D,L-lactic acid) and PCL for skin tumor therapy and
wound healing ( Fig. 12 C ). The uniformly embedded Cu 2 S
nanoflowers in the nanofibers exhibit excellent photothermal
effect and could inactivate 90% skin tumor cells, and
the in vivo evaluation demonstrates that the mats could
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Fig. 12 – Pictures of the regenerated wound tissue on 7th, and 14th d by immunofluorescence staining labeling with (A) 
TNF- α (green) and (B) VEGF (green), yellow arrows show the expression of TNF- α and red arrows present VEGF. Reproduced 

from Ref. 217 with permission from Elsevier. (C) Schematic illustration of dressing with bifunctions of tumor therapy and 

skin tissue regeneration. Reproduced from [237] with permission from American Chemical Society. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 – Antibacterial electrospun scaffolds for wound healing applications. 

Main component Antibacterial agent Bacteria Wound model Ref. 

p(NIPAAm-HMAAm) Moxifloxacin hydrochloride S. aureus – [222] 
PCL/zwitterionic polymer Tetracycline hydrochloride E. coli, S. aureus I [91] 
PVA/sodium alginate Moxifloxacin hydrochloride S. aureus, P. aeruginosa I [224] 
PCL/gelatin Ciprofloxacin hydrochloride S. aureus I [226] 
PCL/HMZS Ciprofloxacin hydrochloride/Zn 2 + E. coli II [225] 
PHB/gelatin/collagen Ostholamide E. coli, S. aureus, P. aeruginosa I [96] 
Collagen/zein Berberine E. coli, S. aureus I [99] 
PCL/gelatin CaCuSi 4 O 10 /quercetin S. aureus VII [105] 
PCL/gelatin lawsone S. aureus, P. aeruginosa I [98] 
PCL/gum tragacanth Cur MRSA III [238] 
MADO Ag NPs E. coli, S. aureus, P. aeruginosa VI [227] 
PCL/jellyfish protein Ag NPs E. coli, S. aureus I [228] 
PCL/GO Ag NPs/arginine/GO E. coli, S. aureus I [230] 
PCL/gelatin Modified Au NPs E. coli, S. aureus, P. aeruginosa II [239] 
SA ZnO E. coli – [24] 
CS/PVA ZnO E. coli, S. aureus, P. aeruginosa III [229] 
HA/silk fibroin ZnO E. coli, S. aureus VII [231] 
PVA/PF127/PEI TiO 2 NPs/PEI E. coli, S. typhi, P. aeruginosa – [88] 
PLA/PCL Cu 2 S – I [237] 
PCL/QCSP QCSP E. coli, S. aureus I [217] 
PCL/PMTA PMTA E. coli, S. aureus – [234] 
PCL/melamine-modified fibroin Melamine-modified fibroin E. coli, S. aureus I [209] 
PLA/PVP/PEG/Cur AMPs/Cur E. coli, S. aureus I [232] 
Cellulose/PU AMPs S. aureus, P. aeruginosa – [84] 
PEO/CS Phthalocyanines S. aureus – [235] 
Zein/ethyl cellulose Protoporphyrin S. aureus, P. aeruginosa I [236] 
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ignificantly suppress tumor growth and promote wound 

ealing. The black scars caused by PTT left at the original 
ites after 8 d and the wound even completely healed without 
umor recurrence within 14 d With the fast development 
f biology nanotechnology, nanofibers embedded with 

unctionalized nanoparticles are immensely intriguing to 
esearchers. 
.4. Sponges 

ponges, with thermal insulation, are capable of absorbing 
uge amounts of wound exudate due to the interconnected 

orous structure, which endows the materials with moisture- 
etention capacity. And porous structure could be tuned by 
he concentration, type and the degree of crosslinking of the 
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Table 4 – Antibacterial sponges for wound healing applications. 

Main component Antibacterial agent Bacteria Wound model Ref. 

BC Amoxicillin E. coli, S. aureus, C. 
albicans 

I [243] 

SA/GO/PVA Norfloxacin/GO E. coli, S. aureus I [244] 
CS/stearic acid Ag NPs/CS E. coli, S. aureus, P. 

aeruginosa MRSA, 
DREC, DRPA 

VI [25] 

L-GA/CS/HA Ag NPs/CS E. coli, S. aureus I [249] 
KGM Ag NPs E. coli, S. aureus I [247] 
CS Ag NPs/ZnO/CS E. coli, S. aureus, P. 

aeruginosa MRSA, 
DREC, DRPA 

VI [251] 

Gelatin/alginate Ag SD – I [245] 
PLL/PEG/PLL Ag SD P. aeruginosa, S. 

aureus 
VIII [246] 

Collagen/EGF Ag SD – VII [36] 
CS Ag SD/CS E. coli, C. albicans 

S. aureus B. subtilis 
– [248] 

Gelatin/Au/Ag Au ((PDT)/Ag P. aeruginosa –
CS/PVA CS – I [254] 
HBC/CS HBC/CS E. coli, S. aureus I [255] 
CS/HA/AND CS/AND – VII [258] 
CS/SA CS/Cur – I [259] 
QCS NPs/CS/ stearic 
acid 

QCS NPs/CS E. coli, S. aureus III [260] 

CNFs/QC/OREC QC/OREC E. coli, S. aureus I [257] 
QHEC/MCF QHEC E. coli, S. aureus I [253] 
Pullulan/CMCS CMCS – I [256] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

polymers [241] . It has been reported that sponge with pore
sizes between tens to hundreds microns in diameter and
interconnected structure could increase tissue in growth [132] .
The sponge dressing, with hydrophilicity and cell interaction,
are commonly used as hemostatic agents and healing
materials for burn wounds [76 ,147 ,242] . However, hindrances
still exist in the practical application of sponge substitutes
owning to the weak mechanical strength, the insufficient
antibacterial property, and the maceration of wound. Besides,
sponge dressings are unsuitable for severe burn wound (such
as three-degree burn) or wounds with dry eschar [13] . A variety
of systems based on sponge dressing have been developed
to accelerate the process of wound healing. And a majority
of the reported sponges is fabricated through a freeze-drying
method based on chitosan. To enhance the antimicrobial
property of sponge dressings, various bactericidal agents,
including antibiotics [243 ,244] , Ag and its derivatives [36 ,245-
249] , Au/Ag nanoclusters (PDT) [250] , ZnO [251 ,252] , cationic
polymers [253–256] and others [257–259] , were loaded into
the networks ( Table 4 ), and those materials show promising
application in wound healing. 

Polysaccharide, especially chitosan, has been commonly
applied to fabricate sponge dressings through a freeze-
drying method. Other antibacterial agents were often
assembled into CS to improve bactericidal effect due
to its limited anti-infective activity [261] . Our group
reported a polydopamine crosslinked chitosan sponge
with antioxidant activity and high hemostasis efficiency
for lethal noncompressible/coagulopathy hemorrhage. The
sponge exhibits outstanding photothermal antibacterial
properties due to the existence of PDA. And the resulting
sponge, showed much better wound closure effect than
both chitosan sponge and Tegaderm 

TM dressing by reducing
inflammatory infiltration, promoting vascularization and
recruiting cells [262] . Moreover, a chitosan sponge containing
ZnO/N-halamine hybrid nanoparticles was produced via a
simple vacuum freeze-drying procedure ( Fig. 13 ). The optimal
sponge could inactivate 99.93% S. aureus and 88.01% E. coli ,
and exhibit much stronger hemostatic ability with a blood
clotting index of 5% [252] . To improve the solubility and
antibacterial property of chitosan, Xia et al. [260] presented a
composite sponge based on quaternary ammonium chitosan
nanoparticles (TMC NPs) and CS with hydrophobic stearic acid
surfaces, and the hydrophobic surface endows the dressing
with waterproof, infiltration and adhesion resistance for
bacteria, and enhanced water retention time ( Fig. 14 ). The
CS sponge shows excellent antibacterial property ( > 99.9%)
and accelerated complete diabetic full-thickness wound
healing. With broad spectrum of antibacterial activity, Ag NPs
has been widely applied to fabricate antibacterial materials.
Chen et al. [25] assembled Ag NPs into lyophilized CS sponge,
then stearic acid was asymmetrically modified onto one
side of the sponge. After soaked into 0.2 mmol/l Ag NPs
solution, the sponge exhibits obvious toxicity toward both
drug-sensitive and drug-resistant pathogens. The in vivo
wound healing evaluation in mice with partial thickness
wound indicates that the composite sponge could promote
the wound healing, accelerate the re-epithelialization and
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Fig. 13 – Schematic illustration of preparation and biomedical application of the chitosan dressing containing 
ZnO/N-halamine hybride nanoparticles. Reproduced from [252] with permission from American Chemical Society. 
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ollagen deposition with the lowest silver accumulation.
elatin-based sponge with moisture-retention capacity 
ould absorb wound exudate, improve the adhesion and 

roliferation of cells during wound healing process. A 

olydopamine crosslinked gelatin sponge, with excellent 
emostatic property, achieved promoted wound healing 

263] . The designed sponge with interconnected microporous 
tructure could encapsulate antibiotics by reswelling, which 

ndows the sponge with excellent antibacterial activity with 

he assistance of photothermal effect of PDA. Meanwhile,
ollagen, as the majority component of extra cellular matrix,
as been widely applied in wound dressing. Lee et al.

36] prepared a collagen based sponge with epidermal growth 

actors and silver sulfadiazine (Ag SD) incorporated, the 
ound healing was evaluated in a partial thickness burn 

ouse model. It turns out that the composite sponge could 

everse the impairment of wound closure caused by Ag SD.
ue to the weak mechanical strength of natural polymers,
ynthetic polymers are applied to prepare sponge materials.
ho et al. [246] reported a triblock polymer sponge composed 

f poly(L-leucine) /PEG/poly(L-leucine), and Ag SD (50 μg/cm 

2 ) 
as incorporated into the sponge. The sustained release of Ag 
D endows the sponge with effective antibacterial property,
nd the sponge could promote the healing of a full-thickness 
urn wound. 
i
w
[

.5. Foams 

oams are protective, highly absorbent, insulating and could 

onform to body surfaces [276] . Foam dressings, composed of 
olyurethane or silicone-based materials, are semipermeable 
nd either hydrophilic or hydrophobic with a bacterial barrier 
277] . As dressings similar to sponges, foam dressings, as 
nother type of moisture-retentive material fabricated to 
ccommodate fluid while adding bulk and cushion to the 
ound bed [278] , possess porous structure to enable the 
enetration of oxygen and water, allow the absorption for 
oderate to high levels of wound exudates, and prevent 
icroorganism invasion. More important, foams, with large 

lling capabilities and rapid clotting of shape memory 
roperties, are padded to protect wounds and maintain 

 moisture environment in treatment for deep wounds,
hile unsuitable for dry wounds as they might induce skin 

aceration [109] . Besides, foam dressings are frequently 
onadherent and a secondary dressing as a bolster to prevent 
hifting are needed, and the regenerated tissue might grow 

nto the foam due to the infrequent dressing change, which 

ould cause second damage to the tissue [276] . Considering 
he advantages and application of foam dressings, more 
fforts are needed to improve the performance of it. 

The most commonly used polyurethanes foam dressing 
s fabricated through foaming process. To accelerate the 
ound recovery, antimicrobial agents, such as antibiotics 

264 ,265] , silver [266] , ZnO [268 ,269] , cationic polymers 
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Fig. 14 – Beneficial effects of asymmetric CS sponge. (A) Water contact angles of hydrophobic surface (a1) and hydrophilic 
surface (a2) of CS sponge, respectively. (B) The water vapor transmission rate of different materials (including sponges with 

0.5%, 1%, 2% and 3% CS (w/v)). ∗P < 0.05. (C) Bacteria infiltration activity of CS (a), modified TMC NPs/CS (b) and modified CS 

(c) sponges against E. coli ((c1) and (c2)) and S. aureus ((c3) and (c4)). Reproduced from [260] with permission from Elsevier. 
Elsevier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[270 ,271] , herbal extractions [272] , BG [272] and others [273–
275] , as well as bioactive molecules [267] , are incorporated
into the porous foams to bestow the dressings with improved
antibacterial property, cell proliferation and migration.
Meanwhile, many methods of foam preparation, such as
phase separation/emulsion freeze drying, gas foaming and
solvent casting, have been developed to fabricate novel foam
dressings to meet the criteria of wound closure [268] . A list of
different antibacterial foams is presented in Table 5 . Those
functional foams show prosperous application in hemostasis
and wound repair. 

Polyurethanes (PU) are synthetic polymers consisting of
urethane linkages in the main chains, formed between
isocyanate and polyol through polyaddition polymerization.
The properties of PU could be easily regulated by the chemical
structure and molecular weight of polyol, the constitution of
phase-separated hard and soft segments, and the synthetic
methods. Due to the biocompatibility and good mechanical
properties, much effort has been devoted to investigating
the biomedical application of PU, and PU based wound
dressings have been extensively studied. To enhance the
antimicrobial activity of PU based foams, various bactericidal
agents have been impregnated into the porous networks.
Lee et al. [266] loaded silver-hydroxyapatite into PU foams
formed by toluene diisocyanate and polyol mixture. The
resulting foams, with high absorbency (0.66–0.70 g/cm 

2 ), fluid
retention rates (0.32–0.35 g/cm 

2 ) and sustained Ag release
behavior, could promote the re-epithelialization and collagen
deposition of the infected full-thickness wound. To maximize
diabetic wound healing, recombinant human epidermal
growth factors was incorporated into the Ag NPs loaded
porous PU foams, SEM images of the surface and cross-
section of the foams are depicted in Fig. 15 A [267] . The
prepared foams exhibit good antibacterial activity against E.
coli and S. aureus , and the in vivo evaluation demonstrated that
the dressings could promote the healing of diabetic wound
by stimulating re-epithelialization and regeneration of skin
appendages. Besides, positively charged segments could be
integrated into PU foams to grant the foams with inherent
antimicrobial activity [271] . Yan et al. [270] prepared a series
of imidazolium-type PU foams containing varied content
of imidazolium ionic diol (2 mmol for foam 1, 4 mmol for
foam 2, and 6 mmol for foam 3), and the resulting dressings
with positive charge show excellent endotoxin adsorption
and antibacterial properties ( Fig. 15 B-15D ). The antibacterial
efficiency of the foams increased with the content of cationic
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Table 5 – Antibacterial foams for wound healing applications. 

Main component Antibacterial agent Bacteria Wound model Ref. 

CS/modified CS Chloramphenicol/CS E. coli, S. aureus, P. aeruginosa – [264] 
PNIPAM/PAA/ PEGDA Ciprofloxacin or tetracycline S. aureus – [265] 
AgHAP/PU AgHAP E. coli, S. aureus, P. aeruginosa II [266] 
PU/rhEGF Ag NPs E. coli, S. aureus II [267] 
BC ZnO E. coli – [268] 
PU ZnO E. coli, S. aureus, P. aeruginosa – [269] 
Cationic PU Cationic PU E. coli, S. aureus, P. aeruginosa II [270] 
pDADMAC modified PU pDADMAC A. baumannii, S. aureus, P. aeruginosa – [271] 
Silk fibroin protein Herbal extraction – III [102] 
MC/MH/BG MH/BG E. coli, S. aureus – [272] 
PU Propolis E. coli, S. aureus I [273] 
UA/PANI/PU UA E. coli, S. aureus – [274] 
PEGDA/NVP/PU PVP-I 2 S. aureus – [109] 
PAM-co-NaPA/PU Elemental iodine E. coli, S. aureus – [275] 
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roups, and the positively charged imidazolium could improve 
he biocompatibility of the foams. The prepared cationic 
oam could significantly accelerate the closure of infected 

ull-thickness wound in mice. Moreover, other antibacterial 
gents, such as ZnO [269] , elemental iodine [109 ,275] , usnic 
cid [274] , and propolis [273] , have been impregnated into PU 

ased foams, which shows promising applications in wound 

ecovery. 

.6. 3D-printed scaffolds 

raditional scaffolds with submicron- or nano-sized structure 
r non-porous structure usually show confined nutrients 
ransportation, which limits cell proliferation and restricts 
he tissue regeneration process [279] . The emerging 3D 

rinting achieves the combination of material science and 

iomedical engineering, which has revolutionized the tissue 
ngineering field. It could print sophisticated structure, with 

iological functions, layer by layer precise positioning of 
pecific cells in a controlled manner [280 ,281] . Being able 
o effectively loading bioactive materials or living cells into 
iocompatible scaffolds are necessary for clinical translation.
rtificial organs fabricated through 3D printing technology 
ave achieved impressive progress. And several researchers 
ave demonstrated the potential of bio-printed skin scaffolds 
ased on hydrogel bioink [66 ,282-286] . Gelatin methacryloyl 

GelMA), a chemically modified and denatured collagen,
as controllable chemical and physical properties. And the 
xcellent biocompatibility and photo-induced gelation makes 
elMA an ideal candidate for 3D printing hydrogel bioink 

66] . Shin and Lee et al. [66] presented a 3D printing GelMA 

ydrogel patch incorporated with VEGF loaded tetrapodal 
inc oxide (t-ZnO) microparticles (30–100 μm). Defects was 
ntroduced into t-ZnO by etching with hydrogen peroxide 

hile reducing the bandgap of t-ZnO into the range of green 

ight. Inconsistent polarity caused by the oxygen vacancy 
oncentration enables the strong physical interactions 
etween t-ZnO and VEGF. And controlled VEGF release could 

e achieved due to the formation of electrons and holes with 

he intervention of ultraviolet/visible light via electrostatic 
nteraction. The angiogenic properties improved by the 
eleased VEGF and the antibacterial properties of t-ZnO of 
he 3D printing scaffold could effectively promote the process 
f wound healing. Marquette et al. [287] reported a 3D bio- 
rinted fibroblasts loaded hydrogel scaffold, and then seeded 

ith keratinocytes to simulate bilayer skin structure with 

ermal and epidermal layers ( Fig. 16 A ), which demonstrates 
he potential application of 3D printing scaffolds in skin 

egeneration. To enhance mass transportation in skin- 
quivalent, Takeuchi et al. [288] fabricated perfusable 
ascular channels coated with endothelial cells. With both 

dges of the vascular channels fixed to the connectors of 
 culture device attached to a perfusion system composed 

f a peristaltic pump and silicone tubes, the perfusable 
ascular channels could achieve nutrition deliver to the skin- 
quivalent ( Fig. 16 B ). Moreover, to incorporate interconnected 

hannels in the printed 3D scaffolds, Hong et al. fabricated 

ntibacterial superporous hydrogel dressings through the 
ombination of silver −ethylene interaction and 3D printing 
echnique ( Fig. 16 C ). The interaction between silver and 

,N 

′ -methylenebisacrylamide provide the sites to fix Ag,
fter which polymerization of acrylamide occurred in a 3D 

rinted template. The reduced AgNPs-loaded nanocomposite 
ydrogels with controlled release behavior show good 

ntibacterial effect and decreased toxicity. The wound 

ealing effect of the hydrogels on a full-thickness skin wound 

odel indicates that the prepared hydrogel could accelerate 
he healing process of the infected wounds and restrain 

he formation of scar tissue. Except for hydrogel-based 

ioink, temperature-sensitive bioactive reagents loaded with 

unctional nanoparticles, antibacterial agents included, could 

lso be applied to print 3D scaffold [289 ,290] . 
Although 3D printing has shown promising application 

n tissue engineering, the biosafety, structural integrity,
omplicated culture equipment and practice are bond to take 
nto consideration prior to the implantation of the printed 

caffolds. To remove those obstacles, in situ 3D printing has 
een inspired to achieve direct printing customized tissues 
t the site of injury or defects [291] . And the in situ delivery
f cells and bioactive molecules in 3D scaffolds similar 
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Fig. 15 – (A) SEM images of the surface and cross-section of PU foams with Ag NPs and human epidermal growth factors 
loaded. Reproduced from [267] with permission from The Royal Society of Chemistry. (B) Schematic illustration of the 
synthesis of PU foams with cationic imidazolium diol. (C) Photographs of three cationic PU foams and the control one. (D) 
Computer simulation of the endotoxin adsorption mechanism displaying that the snapshots for the interaction process of 
the P. aeruginosa outer membrane (LPS molecules and lipid bilayer) with foam 3 at different simulation times (0, 240, and 

600 ns). Reproduced from [270] with permission from American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to ECM could impose favorable effect on the interaction
between cells, which makes a big difference on wound
recovery [292 ,293] . 3D printing technology, with superiorities
in time saving, facile processing and high resolution, has
made a significant breakthrough in constructing sophisticated
structure. However, there are still some challenges, such as
the selection and preparation of bioink, the optimization
of printing process, printing of skin appendages, and the
biofunction of the printed scaffolds, need to be overcome in
skin-equivalent printing. Meanwhile, it is no doubt that 3D
printing is a prosperous technology in tissue engineering, skin
regeneration included. 
4. Conclusions and perspectives 

The healing of wound is an incredibly sophisticated process
depending on the complex interplay between multiple cell
population, soluble mediators, cytokines and so forth. The
defects in the skin’s structures or functions could significantly
reduce the quality of patient’s life because of its irreplaceable
multifunction in human body. It is commonly accepted
that the contamination of bacterial menaces the wound
recovery process, which is also one of the main obstacles
in wound closure. Therefore, the design and development of
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Fig. 16 – (A) Schematic representation of the 3D bioprinting, consolidation, and maturation steps of the bilayer skin structure 
(DE: dermal–epidermal junction; SE: surface–epidermal junction). Reproduced from [287] with permission from WILEY-VCH. 
(B) Scheme of skin-equivalent integrated with perfusable vascular channels and culture device. Reproduced from [288] with 

permission from Elsevier. (C) The schematic presentation for the preparation of Ag NPs-cross-linked hydrogel dressing. 
Reproduced from Ref. [131] with permission from American Chemical Society. 
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ound dressings to reduce the risk of infection and further 
nhance the healing quality remains urgently demanded.
erein, we have discussed antibacterial wound dressings with 

ifferent morphologies and advantages, in which various 
ntimicrobial agents have been incorporated to accelerate 
ound recovery. And those functional dressings have shown 

romising application in wound closure. Moreover, with 

he rapid development of the emerging fields, such as 
ioelectronic devices, 3D printing and smart materials, it 
ill achieve seamless monitor and on-demand treatment of 
ound healing in the near future. 

Although the existing agents exhibit excellent 
ntimicrobial activity, which shows promising application in 

he treatment of wound closure, some obstacles still occurred 

uring the process. Among the various antibacterial materials,
ntibiotics still are the predominant medicines in clinical 
n spite of the drug resistance, and the controlled release of 
ntibiotics has attracted much attention. However, the abuse 
f antibiotics stills exists, and there is no uniform standard 

o evaluate the controlled release of those drugs to ensure 
he optimal therapy efficiency. Metal and metallic oxide, have 
een proved to possess excellent bactericidal activity with 

educed bacterial resistance, and the bioactive properties 
re dependent on their shape, size, and nanostructures 
67] . Nevertheless, their synthesis, especially the control of 

orphology, the removal and the potential toxicity of those 
anoparticles remain challenges to overcome. Besides, some 
f the photo-assisted antibacterial agents (such as carbon- 
ased material, metal and metal sulfide) faced with similar 
bstacles. Meanwhile, the inconvenience caused by the 

ntervention of light during therapy, the damage to normal 
issues and relatively low efficiency make the application 

f precise local light-assisted therapy a big challenge.
he limited bactericidal activity or complicated synthesis 
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makes cationic organic agents applied synergistically with
other molecules, and whether the metabolic product is
harmful to human body remains unclear. The complex
isolation and purification of herbal extractions, and the
sophisticated preparation of materials with micro-structures
discourages the wide application of themselves. Therefore,
more efforts will be needed to circumvent those issues, and
the development of more effective bactericidal materials
seems to be desperately needed. Moreover, the on-demand
treatment and removal of materials will be an irresistible
trend. 

Antibacterial dressings with different morphologies
have been widely investigated to promote wound recovery.
However, it is difficult for us to compare those dressings
from the aspect of wound recovery. A main reason is that
those dressings with different structures could not meet the
requirements of different wounds at the same time, which
requires researchers to investigate wound healing effect of
dressings more specifically, instead of one wound model for all
dressings. Besides, it is inevitable to use organic solvents and
crosslinking agents during the fabrication of dressings with
specific morphology. The biocompatibility of those materials
requires strict evaluation before clinical application. Finally,
the development of large-volume production facilities is of
great importance for their practical application, which needs
researchers to adopt cost-effective materials and relatively
simple synthesis process to fabricate dressings. 

In summary, the integration of various antibacterial
agents into dressings with specific morphologies and the
explorations or evaluations of effects of bactericidal agents, as
well as the wound healing promotion were discussed. And we
envision that this review will provide in-depth fundamental
insights for the design of the next-generation dressings
with broad-spectrum antibacterial activities, especially for
pathogens with drug resistance. Continued development of
material science and the expanding arsenal of antibacterial
agents will further inspire novel dressings. Combined with the
emerging technology in biology and artificial intelligence, we
envision that the expanding investigation of the antibacterial
biomaterial with enhanced therapeutic efficiency will achieve
advanced health care. 
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