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Burns are one of the most devastating skin injuries, with severe burns affecting almost every organ
system, and that causes a high mortality rate. The presence of microbial infection in burn wounds
makes the healing process more complex, leading to delayed wound healing. Therefore, the primary
problem in treating burns is to developing antimicrobial biomaterials to overcome bacterial infection.
The present review covers burn classification, the burn wound healing process, and various local

Received 16th June 2022, treatment methods to fight infection and promote healing. We discussed the recent progress in the

Accepted 24th July 2022 treatment of burn wound infection. We provided information on the application of antimicrobial
materials in burn treatment in recent years, especially nanoparticles and chitosan hydrogels. We also
discuss the promising future therapies for burns and the prospects and limitations for eventual

translation to the clinic.
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According to the latest report from the World Health Organi-
zation, an estimated 265 000 people die every year due to burn
Burns are the fourth most common type of trauma worldwide, injuries.® Burns can be caused by friction, heat, radiation,
coming after traffic injuries, falls, and interpersonal violence."” chemistry, or electric sources, but most burn injuries are
caused by heat from hot liquids, solids or fire. Although all
burn injuries involve tissue damage due to energy transfer,
different causes may lead to different physiological and patho-
physiological damage.”> For example, a flame can immediately
cause a deep burn, whereas hot liquids or steam tend to appear
more superficial initially due to rapid dilution of the source and
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Fig. 1 Burn depth. First-degree (superficial thickness, affecting the epidermis only) burns are typically benign, the skin turns red, very painful, heal
without scarring and do not require surgery. Second degree (partial or intermediate thickness) burn causes painful blisters. The skin is red, moist, painful,
and turns white when pressed. Third-degree (full thickness) burns are usually white, leathery or charred, dry, painless and require surgery. Fourth-degree
burns cause damage to deeper tissues, such as muscle or bone. Usually the wound is black and painless, and frequently leads to loss of the burned part,

requiring surgery (such as skin grafts).

energy.’ Alkaline chemicals cause acute necrosis (tissue is
transformed into a liquid, viscous mass), while acidic burn causes
coagulative necrosis (the architecture of the dead tissue can be
preserved).*® Electrical injuries related to the strength of the
electric field (the amperes and resistance of the tissue) tend to
cause more deep tissue damage than that of visible skin damage.*’

In addition to determining the cause of burn injuries, they
must be classified according to their severity (depth and size)
(Fig. 1). Currently, there are four types of burns: first-degree
(superficial thickness), second-degree (partial or intermediate
thickness), third-degree (full thickness) and fourth-degree.!
First-degree (superficial thickness, affecting the epidermis
only) burns are typically benign. The burn site turns red and
painful, while it can heal without scarring and do not require
surgery. Second-degree (partial or intermediate thickness)
burns cause painful blisters. The skin becomes red, moist,
painful, and turns white when pressed. Third-degree (full
thickness) burns are usually white, leathery or charred, dry,
senseless (since nerves are destroyed) and require surgery.
Fourth-degree burns cause damage to deeper tissues, such as
muscle or bone. Usually, the wound is black and painless and
frequently loses the burned part, requiring surgery (such as
skin grafts).*® Furthermore, the burn wound can be divided
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into three zones according to the severity of tissue destruction
and alterations in blood flow: the zone of coagulation, the zone
of stasis/ischemia, and the zone of hyperaemia (Fig. 2). The
coagulation zone is exposed to the greatest heat and suffers the
most damage. Proteins denature above 41 °C, so excessive heat
at the damaged site results in extensive protein denaturation,
degradation, and coagulation, leading to tissue necrosis.’ The
stasis/ischemia zone is characterized by reduced perfusion and
potentially salvageable tissue. In this zone, hypoxia and ische-
mia can lead to tissue necrosis within 48 hours after injury in
the absence of intervention.'® The outermost area of a burn
wound is a hyperemia zone, which increases blood flow
through inflammatory vasodilation and may recover unless
infected or otherwise injured.>°

The healing of burn damage is a highly coordinated biological
process including four overlapping phases: haemostasis phase,
inflammatory phase, proliferation phase and remodeling phase."*

1.1. Haemostasis

After a burn injury occurs, the body autonomically responds to
minimize the damage.'” In this phase, haemostasis occurs
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Fig. 2 Zones of burn injury. The coagulation zone is exposed to the
greatest heat and suffers the most damage. The stasis/ischemia zone is
characterized by reduced perfusion and potentially salvageable tissue.
Hyperemia zone that increases blood flow through inflammatory vasodi-
lation and may recover unless infected or otherwise injured.
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immediately after the injury. It involves vasoconstriction, plate-
let activation and aggregation, immune activation, blood clot-
ting, complement system activation, and release of clotting and
growth factors (such as platelet-derived growth factor, PDGF;
epidermal growth factor, EGF; and transforming growth factor-
B, TGF-B) by platelets, keratinocytes, macrophages and fibro-
blasts. This causes the fibrin clot to deposit at the injury site as
a temporary matrix for the subsequent healing phase.***?

1.2. Inflammation

Inflammation begins within 24 hours of the burn wound.
Monocytes (and macrophages) and neutrophils are recruited
to the site of injury due to localized vasodilation. Three days
after the initiation of injury, monocytes transform into macro-
phages. Neutrophils produce tumor necrosis factor (TNF-a),
interleukin-1 (IL-1) and interleukin-1 (IL-6), which activate
inflammatory responses and stimulate the secretion of vascular
endothelial growth factor (VEGF) and interleukin-8 (IL-8) to
repair blood vessels.>*"® Macrophages produce TGF-a and
TGF-f, fibroblast growth factor (FGF), PDGF, and VEGF to
stimulate cell expansion and migration, as well as removing
debris and pathogens from the site of injury.*

1.3. Proliferation

Proliferation phase consists of three steps: re-epithelialization,
angiogenesis, and formation of granulation tissue. Re-
epithelialization is induced by the activation of cytokines and
growth factors, including insulin-like growth factor (IGF-1),
nerve growth factor (NGF), EGF, and keratinocyte growth factor
(KGF), which cause proliferation of keratinocytes, epithelial
cells, stem cells, and fibroblasts. Keratinocytes contribute to
epithelialization (wound surface closure) and angiogenesis
(restoration of blood flow), and some fibroblasts differentiate
into myofibroblasts, fibroblasts and myofibroblasts then pro-
duce extracellular matrix (ECM)."”>" The formation of new
blood vessels (angiogenesis) involves several growth factors,
such as VEGF, PDGF, FGF-B, granulocyte-macrophage colony
stimulating factor (GM-CSF) and thrombin (which are the most
important activators of endothelial cell growth).">"® Fibroblasts
are the major cell type involved in the granulation stage, which
produce collagen and other ECM molecules."” The ECM pro-
vides an appropriate scaffold for cell adhesion and organizes
the growth and differentiation of cells. At the end of this stage,
fibroblasts differentiate into myofibroblasts (forming a scar) or
undergo apoptosis."®

1.4. Remodeling

During the remodeling stage, granulation tissue matures, scar
tissue produces more collagen and elastin, and fibroblasts
mature into myofibroblasts. The ECM is remodeled under the
influence of growth factors, matrix metalloproteinases (MMPs),
and tissue inhibitors of metalloproteinases (TIMPs), which
results in increased tensile strength.'*"'°

Burn victims are at a high risk of infection, particularly drug-
resistant infections, which often results in significantly longer

© 2022 The Author(s). Published by the Royal Society of Chemistry
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hospital stays, delayed wound healing, higher costs and higher
mortality.”*”>* Therefore, the prevention and control of infec-
tion is the primary problem in the treatment of burn patients.
Some routine treatments are based on the application of topical
antimicrobial substances, such as topical antibiotics, povidone-
iodine, silver sulfadiazine, chlorhexidine, mafenide acetate,
etc.?*** However, the conventional treatment also faces
other problems, such as solubility, overdose, and cytotoxicity.
Therefore, developing an efficient and safe drug delivery
system, which can reduce the risk of drug-bacterial resistance
and regulate the toxicity of antimicrobial agents, is very neces-
sary for burn infection.>®*° In recent years, antibacterial nano-
materials and hydrogels have been favored by researchers.
As an advanced delivery carrier, nanomaterials can be used as
cell therapies, growth factors transport, gene therapy vectors,
advanced antibacterial agents and biomaterials to promote
wound healing.”” Hydrogels are 3D porous materials that
consist of physical or chemical crosslinked polymer
chains.?®?° Hydrogels can be developed for antibacterial
applications due to their unique properties (such as hydro-
philicity and porosity). In addition, some types of hydrogels
have inherently antibacterial properties. In this review, we
discuss the applications, challenges, advances, and new stra-
tegies of antimicrobial materials in burn treatment, and an
emphasis on burn wounds, antimicrobial nanomaterials and
hydrogels (Scheme 1).

Applications
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Scheme 1 Application of antimicrobial agents and antimicrobial hydro-
gels in wound dressings. Nanoparticles (including metals and metallic
oxides) and antimicrobial agents (including antibiotics, antimicrobial pep-
tides, antimicrobial drugs and biopolymers) in wound dressings; and
hydrogels (including inherently antibacterial active hydrogels, conductive
polymeric antibacterial hydrogels, in situ injectable hydrogels, and anti-
bacterial phototherapy hydrogel) for burns, bone implant infections, and
diabetic foot.
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2. Application of antimicrobial agents
in burns

2.1. Metal/metal oxides

In burn, commonly used metal/metal oxides include silver,
gold, zinc oxide and titanium dioxide, etc. metal/metal oxides
demonstrate a wide diversity of tunable properties that not only
enhance their antibacterial properties, but also maintain their
antibacterial activity over a long time, thus reducing the possi-
bility of bacterial resistance.”®*® Fig. 3 illustrates the possible
antimicrobial mechanisms of metal/metal oxides.*!

2.1.1. Metal

Silver. Since ancient times, silver has been used in various
forms, such as metallic silver, silver nitrate, silver sulfadiazine
for treating infections in burns.**?? Silver has a wide anti-
microbial spectrum and is effective against various aerobic,
anaerobic, Gram-positive, Gram-negative, fungus and viruses.**?
The mechanism of silver ion (Ag") may involve binding to the
bacterial cell membrane through the interaction between Ag* and
the thiol group in proteins on the cell membrane, thus affecting
the viability of bacterial cells by inhibiting DNA replication
(Fig. 3(a)).>"

Dressings containing silver nanoparticles have been widely
used to reduce the risk of wound infection and kill bacteria
in infected wounds, thus accelerating the wound healing
process.>® % But silver nanoparticles cannot be directly used
for biomedical applications because of their cytotoxic effects
on living systems.*® Therefore, silver nanoparticles should be
incorporated into a polymer matrix to slow their release, reduce
toxicity, and avoid penetration into other biological systems.*°
Batool et al. synthesized green silver nanoparticles through
plant extracts, and this silver nanoparticle was introduced into
a polymer blend (starch and polyvinyl alcohol) to form nano-
composite films. The film shows excellent physical and anti-
bacterial properties and has great potential for application in
wound dressings.* In another study, Chen et al. used a physical
method to fabricate ultrasmall silver particles (nanoscale) and
added silver particles into the carbomer gel (.-AgAPs-gel).
L-AgAPs-gel (compared with commercial silver nanoparticles
gels) demonstrated the broad-spectrum antibacterial activity
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and prevented bacterial colonization. It was distributed locally
in the skin without inducing systemic toxicities and without
obvious toxicity to wound healing related cells. It can also
reduce inflammation, and accelerate diabetic and burn wound
healing. In conclusion, 1-AgAPs-gel is an effective and safe
antimicrobial and anti-inflammatory material for wound treat-
ment, which has excellent application prospects in the future.*®
Yadollahi et al. prepared carboxymethyl cellulose nanocompo-
site hydrogel and combined it with silver nanoparticles to
prepare antibacterial hydrogel. The antibacterial activity of
the hydrogel was stable for more than one month, and it had
an outstanding antibacterial effect against E. coli and S. aur-
eus.*" Later, Kim et al. introduced silver oxide nanoparticles
into the injectable methylcellulose hydrogel, and during the
process of gelation, silver oxide nanoparticles were synthesized
in situ and evenly distributed in the gel network. The hydrogel
showed excellent antibacterial activity and a significant repair
effect on burn.*

Besides using silver nanoparticles as antibacterial matrices
alone, it can also be combined with other substances to
promote wound healing, such as graphene, polydopamine and
catechin.>***™*> For example, compared with Ag NPs alone
hydrogels, the Ag/graphene composite hydrogels have excellent
biocompatibility, high swelling rate and good extensibility.
At the same time, the hydrogels also have significant anti-
bacterial activity and can accelerate the healing rate of rat
wounds.”® Furthermore, Zhou and co-workers developed a
novel Ag-based bactericide (ultrafine silver/silver chloride
anchored on reduced graphene oxide, Ag/AgCl/rGO). This
stable Ag/AgCl nano photocatalyst can ignore the release of
Ag', produce a high amount of oxidative radicals and kill the
bacteria, and thus accelerate the epidermis regeneration and
wound healing of burn wounds.** To improve the biocompat-
ibility of AgNps in vivo, Jiji et al. used a facile, simple catecholic
redox method to anchor silver nanoparticles in bacterial cellu-
lose (BC-PDAg), thus improving the security of silver nano-
particles. BC-PDAg nanocomposites exhibited antibacterial
effects for both Gram-positive and Gram-negative bacteria.
They also significantly promoted fibroblasts proliferation, gran-
ulation tissue formation, angiogenesis and re-epithelialization.

HV
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Fig. 3 Antibacterial mechanisms of metal and metallic oxide nanoparticles. (A) Antibacterial mechanism of metal nanoparticles (Ag*) and metallic oxide
nanoparticles (TiO,, ZnO). (B) The antibacterial mechanism of ZnO. (1) Disruption the plasma membrane permeability to make some substances flow out;

(2) inhibition of DNA replication; (3) protein denaturation.
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Overall, BC-PDAg nanocomposites are beneficial to burn wound
repair.** Kalirajan et al. developed bioengineered collagen scaf-
folds incorporated with silver-catechin nanocomposites. The scaf-
fold has good enzymatic and thermal stability, angiogenic and
antibacterial properties, and adequately promotes scarless healing
in severely infected burn wounds.*

Although AgNPs have excellent antibacterial effects, the
development of NPs has been largely limited due to their
physical and chemical instability.>® Moreover, Ag ions are
efficient bactericides at a concentration of as low as ~0.001-
0.05 ppm. Still we should further discuss their tissue toxicity
and cytotoxicity. Furthermore, the negative impacts of AgNPs
on genes need to be considered.”® Therefore, toxicity should be
minimized when designing AgNPs-based dressings. At the
same time, green and environment-friendly AgNPs dressings
should be developed, as well as stabilize and prolong the
antibacterial effect of AgNPs to prevent infection and inflam-
mation. The ability of bacteria to develop resistance to anti-
biotics, which limits the effectiveness of antibiotics in the
treatment of infectious diseases.*® So far, there have been no
conclusive reports on the development of bacterial resistance to
Ag NPs. However, whether silver nanoparticles can be used in
medicine to enhance the effectiveness of antibiotics or com-
pletely replace them to treat local and systemic infections
remains to be studied.”’

Gold. Gold NPs (AuNPs) are widely used in tissue repair due
to their easy synthesis, nontoxicity, adjustable size and shape,
flexible surface modification, and tunable optical and electro-
nic properties.**>° For example, Wei et al. prepared dual-
functional AuNPs to treat multidrug-resistant (MDR) bacterial
wounds infected by MRSA in diabetic (db/db) mice.>! The
antibacterial activity of AuNPs was mainly as follows: the
adhesion of AuNPs to the bacterial membrane, the subsequent
change of membrane potential and the decrease of ATP level,
and the inhibition of tRNA binding to ribosomes.>*

Yang and co-workers reported that a small molecule
(6-aminopenicillanic acid, APA) coated AuNPs, AuNPs were
doped into an electrospun fiber of poly(e-caprolactone) (PCL)/
gelatin to produce a material that prevents wound infection by
MDR bacteria. Yang used small molecules that serve as the
main structural components of B-lactam antibiotics, such as
6-aminopenicillanic acid (6-APA), 7-aminocephalosporanic acid
(7-ACA), and 7-aminodesacetoxycephalosporanic acid (7-ADCA)
to modify the surfaces of AuNPs. The antimicrobial activity of
Au_APA was better than that of Au_ACA and Au_ADCA. The
antimicrobial mechanism of Au_APA was that it could induce
cell membrane rupture and bacterial cell lysis. In addition,
Au_APA NPs were non-toxic to cells at the concentration of
20 pg mL™" (8 times minimal inhibitory concentration)
and showed excellent biocompatibility.>® Recently, Qiao et al.
proposed a composite structure of a cupriferous hollow nano-
shell (AuAgCu,O NS), consisting of a hollow AuAg core and a
Cu,0 shell. On the one hand, the synergistic effect of controlled
photothermal therapy and the release of silver ions from the
hollow AuAg core can eradicate multi-drug-resistant bacteria,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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including extended-spectrum B-lactamase Escherichia coli (ESBL
E. coli) and MRSA. On the other hand, copper ions released by
Cu,O shells can promote endothelial cell angiogenesis and fibro-
blast cell migration, thus enhancing wound healing.>*

Au NPs appear safer for mammalian cells than other metal
NPs because their antimicrobial activity is independent of
reactive oxygen species (ROS). In addition, the high functiona-
lization capabilities of these Au NPs makes them ideal nano-
materials for targeted antimicrobial applications.

2.1.2. Metallic oxide. Photocatalysis is the primary anti-
bacterial mechanism of metallic oxide NPs: under the ultra-
violet irradiation of sunlight, a large number of free radicals
(such as hydroxyl radicals and oxygen radicals) are generated
on the surface of metallic oxide NPs. When the free radicals are
exposed to microorganisms, the organic matter of microorganisms
are oxidized into carbon dioxide, so metallic oxide NPs can Kkill
microorganisms in a relatively short time.>*

Zn0. Zn*" is widely used as an antimicrobial agent due to its
low toxicity and high biosafety.>®”” However, the disadvantages
of discoloration, narrow antibacterial spectrum, poor long-term
durability, poor heat resistance and stability have hindered
their further development.®® In contrast, nanomaterials such as
zinc oxide (ZnO) nanoparticles can overcome these problems to
a certain extent.*>*®*® ZnO is widely used in solar energy
conversion, antibacterial agents and photocatalysis degrada-
tion of environmental pollutants.®®®* Moreover, ZnO has
unique properties that improve epithelial formation, enhance
local defense systems, and reduce bacterial infection (kill
bactericidal by the generating of ROS) and inflammation,
thereby accelerating wound repair.®* The damage mechanism
of ROS to bacteria can be mainly concluded into two pathways:
(1) destroying the plasma membrane permeability to make
some substances flow out, or affecting the metabolic activities
of the bacteria; (2) breaking and disaggregating DNA strands,
generating stable oxidation products (Fig. 3(B)).>**>®” In addition,
the release of Zn®* from ZnO can promote the production
of fibroblasts, which is essential for the proliferation and
differentiation of myofibroblasts in the dermis during skin
regeneration.®®”’° Hadisi et al. prepared ZnO-containing hya-
luronic acids-silk fibroin wound dressings, with the increase of
ZnO content, the antibacterial activity of wound dressings
against E. coli and S. aureus was enhanced, but a high concen-
tration of ZnO (> 3%, wt%) was toxic to cells. In addition, the
dressings significantly reduced inflammatory response at the
wound site, promoted burn wound healing and skin regenera-
tion (stimulated epidermis, hair follicles, sebaceous glands,
and promoted collagen deposition).®* Wang et al. used leaf
extract of Coleus amboinicus to prepare ZnO nanoparticles,
which showed excellent antibacterial activity against a variety of
Gram-positive and Gram-negative bacteria, and could promote
the healing of infected burns.”’ Thanusha et al. synthesized
ZnO composite scaffolds to reduce inflammation and increase
tissue remodeling in second degree burn healing.”

In recent years, with the development of nanotechno-
logy, the synergistic effect of coupling hybrid nanomaterials

Mater. Adv, 2022, 3,6707-6727 | 6711
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(bimetallic and multimetallic) to improve the antibacterial
activity of nanomaterials has become a research hotspot.>®
For instance, Li et al. reported a bimetallic CuCo,S, NPs, which
showed intrinsic peroxidase-like activity and could convert
H,0, into *OH at neutral pH. CuCo,S, NPs could effectively
destroy MRSA biofilms in vitro and promote burn healing of
MRSA infection in vivo.”> Wang et al. prepared a hybrid multi-
shelled hollow materials by coupling CuO and ZnO NPs with
AuNPs (ZnO@CuO@Au NPS). Due to the combined action of
PIT, PDT, Zn>" and Cu®*' under 635 nm laser irradiation, it
showed significant antibacterial effect against S. aureus (99.80%)
and E. coli (97.5%) within 10 min after application.>®

TiO,. The super-hydrophilic, photocatalytic properties,
stable chemical properties and excellent biocompatibility of
titanium dioxide (TiO,) NPs make them ideal candidates for the
pharmaceutical industry, especially in bone tissue engineering
nano-TiO, bone scaffolds, biosensors and vascular implant
manufacturing.”? In addition, the photocatalytic activity of
TiO, NPs makes the surface have antimicrobial properties
under UV irradiation.”” Ismail et al. mixed TiO, NPs into Gellan
gum (GG) bipolymer to enhance its mechanical properties,
antibacterial properties and biocompatibility. The results
showed that the GG + TiO,-nanobiofilm had antibacterial
activity (the inhibition zone against S. aureus and E. coli was
94 0.25 mm and 11 + 0.06 mm, respectively, which was similar
to that of the penicillin control sample), promoted cell prolif-
eration and growth, and facilitated wound healing.”® However,
TiO, has the photocatalytic activity of producing ROS, while the
recombination of generated electrons and holes limits its
photocatalytic performance and reduces its actual antibacterial
effect.”” Recently, researchers have loaded antibiotics, metal
NPs, and other antimicrobial elements onto TiO, surfaces for
antimicrobial applications.”®”® However, bacterial resistance
caused by the antibiotic application and the potential cytotoxi-
city of metal NPs limits their clinical application. Therefore,
Wang et al. used electrostatic force to assemble graphdiyne
(GDY) onto TiO, to combat implant infection by enhancing
photocatalysis and prolonging antimicrobial activity. The nanofibers
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exhibited excellent photocatalytic performance and increased
the production of photocatalytic ROS. The resulting ROS induces
oxidation of cell components and perforation of bacterial cell
walls, leading to membrane leakage, structural destruction, and
ultimately bacterial death.””

In addition, TiO, is also widely used in burn repair.*
For example, Seisenbaeva et al. produced TiO, through the
hydrolysis pathway of triethanolamine ligands modified TiO,,
and the interaction between human blood and TiO,, resulted in
the formation of reasonably dense gel composites materials.
The composite material can prevent skin infection and inflam-
mation and accelerate wound healing in burned rats.®' Kalirajan
et al. explored the in vivo burn wound healing potential of TiO,
and bacterial cellulose (BC) nanocomposite (BC-TiO,). First, the
physicochemical characterization of BC-TiO, was characterized
by SEM, XRD and FTIR. Second, antimicrobial experiments
showed that the BC-TiO, nanocomposite produces highly
reactive species that disrupt the lipopolysaccharides and pepti-
doglycan components of cell membranes, thereby inducing cell
death, which is consistent with earlier reported literature.®?
Furthermore, the wound area and histopathology in the burn
wound model were used to evaluate the healing effect of
BC-TiO, nanocomposites in vivo. In summary, BC-TiO, nano-
composite dressings provide a sterile and favorable environ-
ment for skin repair.®°

In another study, Zhang et al. prepared yolk-shell particles
(YSPs) using trineedle coaxial electrospraying with a simple
nonsolvent process (Fig. 4). Among them, TiO,-Ag NPs and
ganoderma lucidum polysaccharides as the main antibacterial
and antioxidant components were encapsulated into the outer
shell of YDPs, and iron oxide (Fe;04) NPs were combined into the
inner core as a photothermal agent. Cell experiments showed that
YSPs had good biocompatibility and antioxidant activity. The
antibacterial test showed that YSPs had significant antibacterial
activity against E. coli and S. aureus. In vivo burn wound healing in
c57 mice demonstrated that the YSPs had low biological toxicity
and could promote wound healing in some ways.**

Mesoporous silica NPs have good biocompatibility and have
been used as promising drug and gene carriers.®* In addition,
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(A) (a) Schematic illustrations of the trineedle coaxial electrospraying system and collection system. (b) Digital graph of the stable jetting mode. (c)

Schematic illustration of the structure of the YSPs. (B) (a) Thermal graphs of the sample in EP tubes at determined time points (b) Peak temperature rise
curves of the sample EP tubes of three groups. (1) YSP with MNP and TiO,—Ag group, (2) YSP containing TiO,—Ag without MNP group, (3) PBS group.®®
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the silica NPs show high chemical stability, and the surface can
be easily modified.®” The increased surface area combined with
the pore distribution makes the therapeutic agents easy to load.
Studies of SiO, have shown that they are non-toxic and can be
used for in vivo and biomedical applications.®®®” Kalirajan et al.
prepared a hybrid scaffold of collagen, which was combined
with a silica-resorcinol composite (Si@Res) to improve bio-
availability and achieve better healing. The hybrid biomaterials
have good biocompatibility for the blood cells and keratino-
cytes and have an excellent antibacterial property. In vivo
results suggest that Si@Res composite contributes to scar-free
wound healing (type I diabetes and chronic infectious burns in
rats) by increasing TGF-B3 expression.®®

Metal/metal oxides nanomaterials have good antibacterial
and wound healing ability, and there is still great application
and development potential in the future. However, it should be
noted that metal/metal oxides nanomaterials are in direct
contact with tissue in the wound, and the biosafety of the
products must be considered before application. The metal/
metal oxides nanomaterials can contact with blood cells in the
blood vessels of the wound and enter the blood circulation.
This phenomenon can cause hemolysis. Some metal/metal
oxides nanomaterials, such as AgNPs and ZnO NPs, have been
found to cause hemolysis. So we can adjust the physical and
chemical properties of the material, or wrap biologically active
substances such as polysaccharides onto the surface of the
nanomaterials.

2.2. Antimicrobial agents

2.2.1. Antibiotics. Burn wound associated infection is one
of the severe complications in the acute period after burn
injury, and it is estimated that approximately 45% of post-
burn mortality is associated with infection, such as those
caused by P. aeruginosa or MRSA.*>°° The formation of infec-
tion can severely impair the proliferation of dermal cells,
resulting in degeneration of the surface layer and part of the
thickness to more profound tissue damage, thereby limiting
dermal regeneration.”” Antibiotics are widely used in the treat-
ment and repair of burn infection.’>**

Tetracycline. Tetracycline (TC) is one of the most effective
antibiotics against bacterial infections, such as acnes, period-
ontal and urinary.”® In addition, TC has fluorescence properties,
which is helpful to evaluate drug diffusion characteristics.’®
Chen et al. prepared citric modified chitosan (CC) hydrogel
containing the antimicrobial drug TC. The cumulative release
of the drug was regulated by CC concentration, and the drug-
loaded CC hydrogels showed enhanced antimicrobial activity
against E. coli and S. aureus. In animal experiments, CC hydro-
gels loaded with TC accelerated wound healing in rats.®”

In one study, Saito et al. loaded TC into nanosheets to
evaluate the antimicrobial properties of the nanosheets in mice
that were burned and infected with P. aeruginosa. By analyzing
the viable count of bacteria at the wound site, histology and the
amount of bacteria in the liver showed that the nanosheets had
strong antibacterial activity, thus inhibiting burn infection.”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Minocycline. Minocycline (MC) is a broad-spectrum antimi-
crobial TC antibiotic than other family members (especially for
burn wounds).’®%° MC is effective against both Gram-positive
and Gram-negative bacteria and prevents cell death and
increases cell proliferation in wound repair.'®® Various drug
delivery systems have been investigated to apply MC to burn
wound healing.'°>'%* For instance, Mohebali et al. prepared a
novel wound dressing based on nanocomposite film of poly-
vinyl alcohol (PVA) and halloysite nanotubes (HNT) loaded with
MC. Drug release studies showed that the drug was slowly
released from the nanocomposite and in accordance with the
Korsmeyer-Peppas model.'”" In addition, nanocomposites
have antimicrobial effects against both Gram-positive and
Gram-negative bacteria and can promote burn wound repair
(Fig. 5)."°" Recently, a layered biocompatible pH-sensitive anti-
microbial composite membrane based on Halloysite nanotube/
poly(lactic-co-glycolic acid)/chitosan (HNT/PLGA/chitosan) was
prepared for the controlled release of MC on burn wounds."*?
HNT composites were modified with different concentrations
of PLGA and chitosan by a layer-by-layer strategy. Firstly, HNT
lumens were etched with sulfuric acid to increase drug loading
efficiency (base spacing is increased by dimethyl sulfoxide
intercalation). Then, the outer surface of HNT was modified
with APTES silane reagent. Subsequently, a PLGA coating was
produced on modifying HNT using an LBL strategy and the
solid-in-oil-in-water (s/o/w) emulsion system. Finally, the pre-
pared HNT/PLGA suspension was coated with chitosan under
acidic conditions. The results showed that the release of MC
was slow and controlled. In addition, compared with pure HNT,
the load of MC on etched intercalated HNT films increased by
about twice, and both Gram-positive and Gram-negative bac-
teria were inhibited. The composite membrane loaded with MC
can significantly promote the healing of burn wounds in rats.

In another study, Kaur et al used a polyvinyl alcohol-
sodium alginate (PVA-SA) hydrogel wound dressing system
for topical delivery of MC to treat infected burns.'®® The
cytocompatibility and antibacterial properties of hydrogels
were evaluated by in vitro antibacterial assays, elution assays
and cytotoxicity tests. After 24 h incubation of RAW 264.7
macrophage cell lines and SK-1 skin epithelial cell lines with
PVA-SA hydrogel extracts, the average cell viability of RAW
264.7 and SK-1 was 94.25% and 95.4% respectively. The results
showed that the P