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burning dressings
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and Ping Liu*b

Burns are a global public health problem, which brings great challenges to public health and the economy.

Severe burns often lead to systemic infection, shock, multiple organ failure, and even death. With the

increasing demand for the therapeutic effect of burn wounds, traditional dressings have been unable to

meet people's needs due to their single function and many side effects. In this context, electrospinning

shows a great prospect on the way to open up advanced wound dressings that promote wound

repairing and prevent infection. With its large specific surface area, high porosity, and similar to natural

extracellular matrix (ECM), electrospun nanofibers can load drugs and accelerate wound healing. It

provides a promising solution for the treatment and management of burn wounds. This review article

introduces the concept of burn and the types of electrospun nanofibers, then summarizes the polymers

used in electrospun nanofiber dressings. Finally, the drugs (plant extracts, small molecule drugs and

nanoparticles) loaded with electrospun burn dressings are summarized. Some promising aspects for

developing commercial electrospun burn dressings are proposed.
1 Introduction

The skin is the largest organ in the human body, covering the
surface of the body and accounting for approximately 10% of
body weight.1 Burns are injuries to the skin caused by high
temperatures (ame or scald), electricity, chemicals, friction, or
radiation.2 The healing process of burn wounds is similar to
that of most other wounds, and both go through a complex
process. The wound healing process usually includes four
stages: hemostasis, inammation, cell proliferation, and tissue
remodelling.3 Mild burns can recover quickly with the aid of
some medications. However, severe burns are oen accompa-
nied by complications such as bacterial infection, shock, and
organ failure. Burns reduce the immunomodulatory function of
the patient's skin, making the wound vulnerable to bacterial
infection. Bacterial infection can cause an increase in wound
exudate, which seriously hinders wound healing and brings
huge challenges to wound treatment.4

When the skin damage is too severe and the autologous
repair ability is not enough to restore the original structure and
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function, the traditional method of skin transplantation is
generally used. In the past few decades, the survival rate of burn
patients has been signicantly improved due to the application
of various skin gras.5 Despite widespread use, there are
problems with limited donors for autologous skin gras and
immune rejection of allogeneic transplants.6,7 With the devel-
opment of biotechnology, the emergence of multifunctional
wound dressings and nanober scaffold materials has allevi-
ated the problem of skin transplantation to a certain extent.
Wound dressings can cover the wound and provide a temporary
barrier against external bacterial infections.8 It can also serve as
an induction template to guide skin cell recombination, host
tissue inltration, and integration, and has a signicant effect
on wound healing.9 Traditional dressings such as gauze and
bandages are oen used in clinical practice to assist in wound
treatment. They can absorb wound exudate and blood, while
also providing mechanical protection. However, the disadvan-
tage of traditional dressings is that they do not have anti-
infection ability and are prone to adhesion to the wound,
causing secondary damage to the patient, which is not condu-
cive to wound healing. The ideal wound dressing should have
the following properties: (1) absorb excess wound exudate and
blood; (2) provide a moist environment for wound healing; (3)
good breathability; (4) protect the wound from infection by
external microorganisms and harmful substances; (5) good
biocompatibility and degradability; (6) removing the dressing
will not cause secondary damage to the patient's wound.

In addition to traditional dressings, common types of
dressings include sponges, lms, foams, hydrogels,
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra01514b&domain=pdf&date_stamp=2024-04-30
http://orcid.org/0000-0001-7825-4498
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01514b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014020


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
m

ai
at

za
k 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4/

07
/1

3 
21

:1
6:

11
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
hydrocolloids, and nanober composites.10–12 Different types of
dressings have different characteristics and can be selected for
specic types of wounds. Sponge dressing has a highly porous
structure, which can absorb a lot of water and provide a moist
environment for wound healing.13 However, sponge dressings
exhibit weak mechanical strength and may cause skin macera-
tion. Film dressings are breathable and can reduce patient
pain.14 However, this type of dressing has weak water absorp-
tion, which can easily cause the accumulation of wound exudate
and easily adhere to the wound.15 Hydrogels are hydrophilic
macromolecular networks that can absorb and retain wound
exudates, and promote broblast proliferation and glial cell
migration.16 The mechanical stability of hydrogel becomes
worse aer water absorption and swelling. As a nanoscale
material that is constantly being promoted for use, nanobers
are increasingly used as wound dressings. Nanobers with
nanoscale structures are similar to natural extracellular matrix,
possessing good drug loading and delivery capabilities, and
being able to absorb more wound exudates than other types of
dressings.17–19 The nanobers prepared by electrospinning have
good mechanical and biological properties.

The preparation methods of nanobers include drawing
methods, template synthesis, self-assembly, microphase sepa-
ration, and electrospinning.20–24 Electrospinning technology is
widely used in the preparation of nanobers because of its low
cost, high efficiency, and simple operation. Electrospinning is
an efficient method for preparing bres with diameters between
nanometres and micrometres.25 The structure of electrospun
nanobers can be adjusted to adapt to various applications.26–28

For example, in the biomedical eld, electrospun nanobers are
used in wound dressings, tissue engineering scaffolds, and drug
delivery.29–33 Electrospun nanober wound dressings have many
outstanding advantages. Firstly, electrospun nanobers have
a larger specic surface area, providing more adhesion and
growth sites for cells.34 Secondly, electrospun nanobers have
high porosity, maintaining good breathability and moisture
permeability while blocking the invasion of external patho-
gens.35,36 Finally, electrospun nanobers have a controllable
structure and can serve as drug carriers to load various bioactive
ingredients and drugs to improve wound healing efficiency.37–40

In addition, nanober wound dressings can also control the
rate and time of drug release. Therefore, electrospun nanobers
show great potential in the eld of biomedical applications.

In the “PubMed” and “Web of Science” databases, the rele-
vant literature in the past ten years is searched by searching for
the keywords “wound dressing” and “electrospun wound
dressing”. The search results are shown in Fig. 1. From the
search results, it can be seen that there are thousands of liter-
atures on wound dressings in both databases each year, and
there is an increasing trend over time. Especially aer 2018, the
growth rate of related literature has increased signicantly,
which shows that the research on wound dressing has become
a hot topic in the eld of biomedicine. At the same time, the
literature on electrospun nanober dressings also shows an
increasing trend. It shows that with the development of elec-
trospun nanober technology, the wound dressing prepared by
nanober has been recognized by people. The main work of this
© 2024 The Author(s). Published by the Royal Society of Chemistry
paper is to review the common types of electrospun nanobers,
the polymers used, and various drugs with therapeutic or anti-
microbial activity wrapped in electrospun nanober dressings.
2 Burn and wound healing
2.1 Burn

Burns are an underestimated form of trauma that can affect
anyone, anytime and anywhere.41 According to the severity of
burns, they can be divided into four levels: rst-degree burns,
second-degree burns, third-degree burns, and fourth-degree
burns.11,42 First-degree burns only involve the epidermis,
accompanied by redness and mild pain, which subsides within
48–72 hours.43 This degree of burn does not require special
treatment and will not leave scars. Second-degree burns are
divided into supercial second-degree burns and deep second-
degree burns. Supercial second-degree burns involve the
epidermis and part of the dermis, accompanied by pain.44 Deep
second-degree burns involve the surface layer of skin and the
deeper dermis because some pain receptors are destroyed and
pain is felt slowly. This degree of burn requires surgical treat-
ment and can form scars. If the wound is not infected, it will
take 3–4 weeks to heal. Third-degree burns run through the
entire dermis. Because nerve endings are damaged, they usually
don't feel pain and need to be protected from infection.41 Third-
degree burns usually need to be treated by skin graing. In
addition, if the burn depth involves deep tissue, it is called
a fourth-degree burn. It combines the characteristics of second
and third-degree burns, penetrating from the epidermis to the
subcutaneous tissue layer, damaging some muscles or bones.45

Fig. 2 shows the depth of each level of burn. In general,
supercial burns, like normal mechanical injuries, surgical
wounds, etc., undergo a natural wound healing process without
much intervention. The difference, however, is that severe
burns can disrupt the structural and functional integrity of the
skin, increasing the likelihood of bacterial infection and
bringing about a range of systemic reactions.46 Patients with
extensive deep burns oen develop severe systemic inamma-
tion, hypermetabolism, and catabolic responses, and if not
treated with prompt surgical intervention, they can die from
multiple organ failure.47,48 In addition, burns can result in
hypertrophic scars, which not only affect aesthetics but may
also limit normal body function. The key to burn wound
management is to prevent infection as well as to improve the
scarring caused by burns. Therefore, the addition of antimi-
crobial drugs to burn dressings is the preferred method
compared to normal wound dressings, and drugs with anti-
inammatory activity can also be added to inhibit scarring
due to excessive inammation.
2.2 Healing process of burn wounds

Wound healing is a dynamic and complex process that is
coordinated by various cells, cytokines, growth factors, and
neuroendocrine mechanisms.49 Skin wound healing is usually
divided into four overlapping phases: hemostasis, inamma-
tion, proliferation, and remodeling (Fig. 3).50 When tissues and
RSC Adv., 2024, 14, 14374–14391 | 14375
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Fig. 1 The literature related to the past ten years was searched in the databases of “PubMed” and “Web of Science”. (a) The number of literatures
retrieved based on the theme “wound dressing”; (b) the number of literatures retrieved based on the theme “electrospun wound dressing”.

Fig. 2 Burns depth and level. Burns are classified into four grades
based on the size and depth of skin damage: first-degree, second-
degree, third-degree, and fourth-degree burns.
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cells of the body are damaged, inammatory mediators activate
the host's vascular and leukocyte responses for hemostasis and
inammation. The release of various cytokines allows neutro-
phils to accumulate in the wound and remove bacteria and
damaged tissue.51,52 Aer some time, neutrophils gradually
decrease and macrophages increase. Macrophages and
neutrophils begin to phagocytose bacteria and nonfunctional
host cells. Macrophages secrete broblast growth factor (FGF),
platelet-derived growth factor (PDGF), transforming growth
factor-b (TGF-b), interleukin-1 (IL-1), and tumour necrosis
factor (TNF) to further stimulate capillary angiogenesis and
broblast proliferation. The proliferation, migration, and
remodelling of endothelial cells is an important process of
angiogenesis.53 New capillaries and hyperplastic broblasts
form granulation tissue, which is then remodeled and matures
to form a scar. During the tissue remodelling phase, the wound
undergoes epithelial regeneration via keratinized cells and
extracellular matrix accumulation via broblasts and endothe-
lial cells.54

There are many factors that affect the wound healing
process, and bacterial infection is one of the most important.
Bacterial infections can increase wound exudate and interfere
with the normal growth of granulation tissue.55 Bacterial
infections may also prolong or prevent wound healing by
14376 | RSC Adv., 2024, 14, 14374–14391
maintaining the inammatory phase of the healing process. It
has been reported that about 75% of burn patients die from
bacterial infections.56 Therefore, antibacterial dressings can be
used to assist in the treatment of burns. A qualied dressing can
not only provide a suitable environment for wound healing but
also have excellent anti-infection ability.

The researchers tried different methods to produce wound
dressings with antibacterial activity, including the use of
materials with inherent bactericidal activity, the improvement
of surface structure, or the addition of antimicrobial agents.57 In
recent years, people have been trying to study a variety of
bioactive compounds, combining these compounds with lms,
sponges, foams, hydrogels, and nanobers to make advanced
dressings. Advanced dressing has a better effect on promoting
wound healing than traditional dressing. Among them, the
preparation process of electrospun nanober dressing is simple
and the cost is low, so it has a good development prospect in the
eld of wound treatment and management.
3 Electrospun nanofiber
3.1 Introduction to electrospinning technology

Electrospinning is a simple and versatile technique for
preparing nanobers containing bioactive compounds.58,59 The
diameters of electrospun nanobers range from nanometers to
microns, which are two to three orders of magnitude smaller
than those made by traditional dry or wet spinning
methods.60–62 The electrospinning device is mainly composed of
four parts: injection pump, syringe with spinneret, collection
device, and high voltage power supply (Fig. 4). The specic
electrospinning process is as follows. The prepared polymer
solution is loaded into a syringe xed to the syringe pump and
the polymer solution is controlled at a constant ow rate to the
spinneret. The high-voltage power supply applies high voltage
to the spinneret, and the electrostatic charge accumulates in the
polymer solution at the tip of the spinneret, gradually driving
the droplet into a cone, known as the “Taylor cone”.63,64 When
the strength of the electrostatic eld exceeds the surface tension
of the solution, the charged polymer solution ejects from the tip
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Stages of wound healing: (A) hemostasis, (B) inflammation, (C) proliferation, (D) remodelling. Reproduced from ref. 50 with permission
from Science, copyright 2003.

Fig. 4 Electrospinning device. The electrospinning device is mainly
composed of an injection pump, a syringe connected with a spinneret,
a high-voltage power supply, and a collector.
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of the Taylor cone.26 Under the action of the electric eld force
between the spinneret and the collecting device, the ejected
polymer solution goes through bending and whipping stages
and then falls on the collecting device. With the volatilization of
the solvent, the stretched and cured polymer solution is
deposited on the collection device, resulting in the formation of
nanobers.65

In the process of electrospinning, the size and shape of
nanobers can be changed by changing solution parameters
© 2024 The Author(s). Published by the Royal Society of Chemistry
(polymer type, viscosity, concentration, conductivity, and
surface tension), process parameters (electric eld strength,
electrostatic potential, acceptance distance, pore diameter) and
environmental conditions (temperature, humidity, local
airow).66–70 Nanobers with different morphological structures
can realize the loading and precisely controlled release of
various drugs. Sustained drug release ensures smooth drug
concentration in the wound, reducing dosing frequency and
improving compliance.71,72 Electrospun nanobers have facili-
tated the development of drug delivery systems and show
promising prospects in wound healing and skin regenera-
tion.73,74 To provide more structures for nanobers, many
strategies have been developed to improve electrospinning
technology. As shown in Fig. 5, there are various types of elec-
trospun nanobers: (1) single-uid electrospinning: blending
electrospinning and emulsion electrospinning; (2) double-uid
electrospinning: coaxial electrospinning and side-by-side elec-
trospinning; (3) multi-uid electrospinning.
3.2 Single uid electrospinning

3.2.1 Blending electrospinning. Blending electrospinning
is a commonly used method for preparing blended nanobers
containing two or more different polymers.75,76 Before electro-
spinning, different polymers need to be added to the solvent in
a certain proportion and mixed thoroughly. Aer testing,
blending electrospinning can achieve the delivery of cell
inhibitors, antibiotics, and therapeutic drugs with specic
RSC Adv., 2024, 14, 14374–14391 | 14377
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Fig. 5 According to the number of fluids, electrospinning can be
divided into single-fluid electrospinning (blended electrospinning and
emulsion electrospinning), double-fluid electrospinning (coaxial
electrospinning and side-by-side electrospinning), and multi-fluid
electrospinning.
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functions.77–81 The choice of solvent determines whether poly-
mers and drugs can be fully dissolved. If the solvent that
dissolves the polymer cannot dissolve the drug, it is necessary to
dissolve the drug with a small amount of solvent that dissolves
the drug, and then blend electrospinning with the polymer
solution.63,82,83 The disadvantage of blending electrospinning is
also obvious. If the drug is not fully dissolved, it will accumulate
on the surface of the nanobers and cause sudden drug release.

3.2.2 Emulsion electrospinning. Emulsion electrospinning
is a simple and effective method for the preparation of core–
shell nanobers, which improves the problem of sudden drug
release caused by blending electrospinning.84 Emulsion elec-
trospinning usually uses two types of emulsions. One is a water-
in-oil emulsion based on a lipophilic continuous phase and
a hydrophilic liquid drop phase.85 This type of emulsion is used
to encapsulate hydrophilic small molecular proteins or drugs.
The emulsion is stabilized by surfactants/emulsiers with low
hydrophilic and lipophilic balance.86 The other is oil-in-water
emulsion which is formed by lipophilic droplet phase and
hydrophilic continuous phase. The hydrophobic drug was dis-
solved in the oil phase solvent and then diffused into the
hydrophilic continuous phase. Compared with blending elec-
trospinning, emulsion electrospinning has more advantages in
the preparation of nanobers containing low-solubility drugs.
Compared with the drug-loaded nanobers prepared by elec-
trospinning of blends, the nanobers based on emulsion elec-
trospinning show more uniform drug distribution.87 Jiang et al.
reported the electrospinning of a Pickering emulsion loaded
with a natural antimicrobial agent, tea tree oil (TTO), and
stabilized with ZnO/Ag nanocomposites for antimicrobial
dressings.88 With the stabilization of ZnO and Ag nanoparticles,
TTO could be uniformly distributed in the Pickering emulsion
with good stability. The results showed that the prepared
14378 | RSC Adv., 2024, 14, 14374–14391
nanober dressings had excellent long-term bacteriostatic
activity against both Gram-positive and Gram-negative bacteria,
as well as good biocompatibility and blood compatibility. In
addition, it effectively promoted cell proliferation and migra-
tion when the concentration of nanober samples was 800 mg
ml−1 or less.
3.3 Double-uid electrospinning

3.3.1 Coaxial electrospinning. Coaxial electrospinning can
simultaneously use two kinds of polymer solutions to prepare
nanobers with core–shell structures. The advantage of this
structure is that the drug is put into the core layer, which
reduces the phenomenon of sudden drug release and prolongs
the drug release time.89–91 Coaxial electrospinning can use
a combination of spinnable solution and non-spinnable solu-
tion, which is generally put into the core layer. When preparing
core–shell nanobers using coaxial electrospinning, it is
necessary to consider the miscibility, viscosity, and conductivity
between different layers of solutions.92–94 Nanober burn
dressings with dual drug loading of centella total glucoside and
ciprooxacin were prepared by coaxial electrospinning tech-
nique by Guo et al.95 They placed centella total glucoside into
the nuclear layer to avoid sudden release while prolonging the
therapeutic effect of the drug. Antimicrobial experiments and in
vitro cellular experiments showed that the prepared nanobers
had excellent antimicrobial activity and the ability to promote
the proliferation of broblasts. In addition, rat burn experi-
ments showed that the nanober dressing also signicantly
accelerated wound healing by promoting endothelial cell
proliferation and angiogenesis. In another study, Ramalingam
et al. prepared core–shell nanobers, in which
polycaprolactone/gelatin loaded minocycline hydrochloride as
the shell, and gelatin containing Gymnema sylvestre extract as
the core layer.96 Compared with the blended nanobers they
prepared, the core–shell structure promotes the sustained
release of bioactive components in the nanobers. The plant
extracts in the shell layer and the antibiotics in the core layer
exerted a good synergistic effect, which together achieved
antimicrobial activity and promoted cell proliferation. Experi-
ments on second-degree burns in porcine skin demonstrated
that the dressing could effectively promote collagen deposition
and re-epithelialization. Coaxial electrospinning provides an
effective method for encapsulating bioactive materials in
biomedical nanobers.97,98

3.3.2 Side-by-side electrospinning. Based on single-uid
electrospinning, Janus nanobers can be prepared using
parallel spinnerets. Unlike the core–shell structure, all parts of
the Janus structure can be in direct contact with the external
environment.99,100 Janus nanobers can achieve biphasic
controlled release during drug release. Yang et al. prepared
Janus nanober dressing loaded with ciprooxacin and silver
nanoparticles on both sides by side-by-side electrospinning.101

Transmission electron microscopy images showed that the
prepared Janus had a clear Janus structure. In vitro drug release
experiments showed that the release of ciprooxacin was
almost complete within the rst 30minutes, which ensured that
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01514b


Table 1 Polymers for preparation of electrospun nanofibers

Polymer type Polymer Ref.

Natural polymer Chitosan 115–120
Gelatin 121–123
Silk broin 118, 124 and 125
Sodium alginate 126 and 127

Synthetic polymer Poly(3-caprolactone) 116, 122, 124 and
128–131

Poly(vinyl alcohol) 119, 125 and 133
Poly(ethylene oxide) 120, 127 and 131
Poly(vinyl pyrrolidone) 132
Polyurethane 126
Polylactic acid 134
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the strongest antimicrobial activity was achieved in the early
stage of wound healing. In addition, Janus nanobers showed
good antimicrobial activity against Staphylococcus aureus and
Escherichia coli due to the synergistic effect of ciprooxacin and
silver nanoparticles. In a similar study, Shi et al. prepared
amphiphilic Janus nanober membranes loaded with copper
sulde nanoparticles, mupirocin and valsartan using polyvinyl
alcohol, polylactic acid-glycolic acid.102 Their prepared Janus
nanober membranes possessed obvious amphiphilic charac-
teristics and were capable of sustained release of the antimi-
crobial agent mupirocin in a hydrophilic environment. In
addition, the photothermal effect of the amphiphilic Janus
nanober membrane can also control the release of the anti-
inammatory agent valsartan. Therefore, the wound dressing
they prepared can effectively solve the problems of infection
and inammation in wound healing, providing a feasible
method for clinical application. Presently, side-by-side electro-
spinning and the functionalizations of Janus nanobers are hot
topics in some scientic elds such as energy, electronic
textiles, drug delivery, and environments.103–107
3.4 Multi-uid electrospinning

Triaxial electrospinning can achieve more functions, such as
loading drugs with different properties, longer drug release
times, and solving the problem that some drugs are difficult to
dissolve.108,109 Curcumin possesses several excellent antibacte-
rial, anti-inammatory and antioxidant activities, but it is
difficult to dissolve in water. In order to improve the utilization
of curcumin's active ingredients, Liu et al. prepared nanobers
with controllable thickness of the sheath layer for the controlled
release of curcumin using modied triaxial electrospinning.110

They prepared nanobers with uniform linear morphology and
distinct core-sheath structure. The experimental results showed
that the core-sheath nanobers were able to precisely control
the release of curcumin and showed good antibacterial activity
against both Staphylococcus aureus and Escherichia coli. Triaxial
electrospinning technology opens up a new way to prepare
complex nanomaterials and shows great advantages in the
formation of drug delivery systems with complex
nanostructures.111
4 Polymer used for making
electrospun nanofiber burn dressings

The selection of polymers for electrospun nanobers is crucial
for burn wound management as it affects the mechanical
properties and therapeutic activity of dressings.112 There are
differences in viscosity, nanober morphology, biocompati-
bility, and mechanical strength of polymer spinning solutions
from different sources.113 Both natural polymers and synthetic
polymers are feasible choices. Natural polymers have better
biocompatibility, while synthetic polymers have better
mechanical properties.114 Table 1 summarizes the natural and
synthetic polymers used in the preparation of electrospun
nanober burn dressings. These polymers mainly include
natural ones such as chitosan,115–120 gelatin,121–123 silk
© 2024 The Author(s). Published by the Royal Society of Chemistry
broin,118,124,125 sodium alginate,126,127 and synthetic polymers
such as poly(3-caprolactone),128–132 poly(vinyl alcohol),119,125,133

poly(ethylene oxide),120,127,131 poly(vinyl pyrrolidone),132 poly-
urethane126 and polylactic acid.134

4.1 Natural polymers

4.1.1 Chitosan. Chitosan (CS) is a natural polymer derived
from chitin. It has excellent biocompatibility, biodegradability,
antioxidant, and antibacterial activity.135 Due to its unique
biological activity, CS is widely used in drug delivery, wound
dressings, and tissue engineering scaffolds.136–138 It is not easy to
prepare nanobers from a single CS solution using electro-
spinning technology. To solve this problem, Shabunin et al.
added chitin nanobril to the CS solution, which signicantly
improved the formation rate of CS nanobers.115 The wound
dressing has two layers, and the outer layer is composed of
polyamide nanobers to provide mechanical strength for the
wound dressing and prevent the invasion of external bacteria.
The inner layer is composed of CS mixed with chitin nanobril,
which is mainly responsible for sterilizing and absorbing
wound exudate. Liu et al. chose polycaprolactone (PCL) with
excellent mechanical properties to blend with chitosan to
improve the physical properties of chitosan.116 The PCL/CS gra
copolymer has both the biological activity of CS and the
mechanical stability of PCL. The results of clinical experiments
showed that PCL/CS nanober dressing had better antibacterial
activity and mechanical properties than traditional dressing.

Unlike most other polysaccharides, CS is a natural cationic
polymer that can be blended with other negatively charged
natural or synthetic polymers.139 The antibacterial activity of
chitosan due to the interaction between the positive charge of
chitosan and the negative charge on the surface of bacteria,
resulting in the rupture of bacterial biolm.140 Mirhaj et al.
designed a bilayer wound dressing simulating the skin tissue
structure, with chitosan/polyethylene glycol containing
advanced platelet-rich brin (A-PRF) in the upper layer and
chitosan electrospun nanobers loaded with L-arginine in the
lower layer.117 The results showed that the prepared bilayer
dressing possessed excellent antimicrobial activity and poten-
tial to promote blood vessel formation. This was attributed to
the synergistic antimicrobial effect of the positively charged L-
arginine with the equally positively charged chitosan. Studies
RSC Adv., 2024, 14, 14374–14391 | 14379
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have shown that arginine has the ability to stimulate vascular
regeneration and enhance collagen synthesis.141 Therefore, the
L-arginine in this wound dressing together with A-PRF promotes
angiogenesis and accelerates wound healing.

4.1.2 Gelatin. Gelatin, which is mainly extracted from
collagen in animal skin, muscle, and bone, is a heterogeneous
mixture of highly hydrophilic peptides.142,143 Gelatin is widely
used in biomedical elds, such as biological stents, vaccine
development, anticancer drugs, and wound dressings.144–146

However, gelatin needs to be blended with other polymers to
enhance its mechanical properties. Poly(L-lactic-co-capro-
lactone) nanobrous membranes loaded with Epigallocatechin-
3-O-gallate (EGCG) were prepared by Li et al. using coaxial
electrospinning, and gelatin was added to enhance the hydro-
philicity and biocompatibility of nanobrous membranes.121

The results showed that the wound dressing had good
biocompatibility, antimicrobial, antioxidant, and ability to
promote wound closure. Leung et al. used gelatin and poly-
caprolactone to prepare a chondroitin sulphate-loaded blend
and coaxial nanober composite dressings.122 They established
a pig skin burn model to test the effect of two kinds of nano-
bers on wound healing. Compared with polycaprolactone/
gelatin blend nanobers, core–shell nanobers were easier to
promote cell growth and achieved controlled drug release.
During the healing process of burn wounds, a large amount of
exudate is produced, which can hurt wound healing. Consid-
ering this problem, Zhou et al. prepared an asymmetric wettable
bre membrane by electrospinning.123 The inner layer was
composed of hydrophilic gelatin and ginsenoside Rg1, and the
Fig. 6 (a) Preparation process of the asymmetric wettable membrane
wettable film. Reproduced from ref. 123 with permission from Wiley, co

14380 | RSC Adv., 2024, 14, 14374–14391
outer layer was a mixture of black phosphorus graed chitosan
and poly(lactic-glycolic) acid (Fig. 6). Similar to the dermis of
human skin, the hydrophilic inner layer can not only remove
excess wound exudate but also provide a moist environment for
the wound.

4.1.3 Silk broin. Silk broin (SF) is a natural macromo-
lecular brin extracted from silkworm cocoons.147 Compared
with other synthetic and natural polymers, SF has better
biocompatibility, non-toxicity, biodegradability, resistance, and
thermal stability.148,149 In addition, SF has excellent toughness
and is oen mixed with other polymers to improve the
mechanical properties of nanobers. Khosravimelal prepared
CS/SF electrospun nanobers containing cationic antimicrobial
peptides as wound dressings.118 The combination of cationic
antimicrobial peptide and chitosan can signicantly improve
the antibacterial effect of nanober dressings. SF can improve
the weak mechanical properties of chitosan, which is well
proved by the results of the stress–strain curve. Mollaghadimi
used SF and PCL to prepare nanober wound dressings and
added allicin to improve the antibacterial properties.124 Yerra
et al. prepared electrospun nanobers by blending silk broin,
polyvinyl alcohol, and antibiotics.125 The wound therapeutic
effect of nanober dressing was tested by a rat burn model. The
results showed that the dressing had excellent antibacterial
ability, and it also promoted the cell viability and cell adhesion
of broblasts. SF comes into direct contact with the wound and
releases antibiotics to remove pathogens. The activity of silk
broin/polyvinyl alcohol nanober dressings is mainly reected
in the biodegradability of SF and the release rate of drugs.
. (b) The antibacterial and wound healing properties of asymmetric
pyright 2022.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.1.4 Sodium alginate. Sodium alginate is a natural poly-
saccharide polymer extracted from brown algae.150 Because of
its non-toxicity, antioxidation, biocompatibility, and biode-
gradability, it has aroused great interest in biomedical appli-
cations.151 The polymer synthesized from sodium alginate has
weak mechanical properties and needs to be mixed with other
polymers to maintain structural integrity. A series of nanober
burn dressings based on polyurethane (PU), hydroxypropyl tri-
methyl ammonium chloride chitosan (HACC) and sodium
alginate (SA) were prepared by Guo et al.126 The natural anionic
polysaccharide SA absorbs wound exudate and maintains
a moist environment, and also interacts with the cationic HACC
to reduce its cytotoxicity. Cellular experiments showed that the
SA-containing nanobers signicantly promoted the prolifera-
tion andmigration of keratinocytes and broblasts. Huang et al.
reported a multilayer nanober lm, the upper and lower layers
of which were poly(ethylene oxide)/sodium alginate electrospun
nanober lms, and the intermediate layer was nanobers
loaded with tetracycline hydrochloride.127 The multilayer
nanober membrane has a regular arrangement structure and
many voids, which provides an ideal environment for cell
adhesion and proliferation. In addition, the bre membrane
also had an excellent drug-controlled release (release period of
more than 10 days) and antibacterial effect. Sodium alginate
can release bioactive substances and reduce the expression of
proinammatory factors, which shows great potential in the
treatment of burns.
4.2 Synthetic polymers

4.2.1 Poly(3-caprolactone). Poly(3-caprolactone) (PCL) is
a biodegradable, safe, and non-toxic hydrophobic synthetic
polymer, which has been approved by FDA for biomedical
applications.152 Because of its good mechanical properties and
biocompatibility, it has been widely used as a raw material for
the preparation of electrospun nanobers. However, the elec-
trospun nanobers based on PCL are not hydrophilic, which
may not provide an ideal environment for cell adhesion and
proliferation.153 PCL needs to be blended with other hydrophilic
polymers or drugs to improve hydrophilicity. Zhou et al.
prepared chitosan oligosaccharide/polycaprolactone nanober
membranes loaded with rutin and quercetin.128 The authors
explained that blending chitosan oligosaccharides with PCL can
improve the hydrophilicity of nanober membranes and
provide a moist environment for wound healing. The experi-
mental results showed that the prepared nanober membrane
had good hydrophilic, antioxidant, and antibacterial properties,
and could promote wound healing. Bayat et al. prepared kiwi-
fruit extract (KE) loaded nanobers by blending hydrophilic
cellulose acetate with PCL and evaluated their properties of
promoting burn wound healing.129 In the test of wound healing
effect for more than 21 days, PCL/CA/KE nanober dressing had
a better effect than KE. In addition, PCL/CA/KE effectively
promoted the proliferation of broblasts. Guo et al. prepared
electrospun nanober mats using PCL and a-lactalbumin
(ALA).130 The wettability andmechanical properties of nanober
wound dressings were improved by adjusting the mass ratio of
© 2024 The Author(s). Published by the Royal Society of Chemistry
ALA to PCL. The results proved that the prepared nanobers
had a signicant effect on promoting wound healing and
reducing scar.

4.2.2 Poly(vinyl alcohol). Polyvinyl alcohol (PVA) is a kind
of synthetic polymer with semi-crystalline properties.154 Because
of its excellent hydrophilicity, biocompatibility, and biode-
gradability, it is widely used in the preparation of medical
biomaterials such as hydrogels, lms, scaffolds, and nano-
bers.155,156 Morais et al. prepared electrospun nanober mats
by mixing PVA, CS, green propolis extract, and nystatin.119 The
combination of PVA and CS makes the biodegradable nanober
mat have better water absorption and swelling ability, which is
benecial to the absorption of wound exudate. Ramkumar et al.
prepared PVA nanober scaffolds doped with molybdenum
nanoparticles.133 The experimental results showed that the
nanober scaffold was compatible with red blood cells and had
excellent biocompatibility. The diameter of the bacteriostatic
circle was more than 7 mm, which proved that it had better
antibacterial performance. Their research conrms the advan-
tages of polyvinyl alcohol nanobers mixed with metal nano-
particles in promoting cell growth.

4.2.3 Poly(ethylene oxide). Poly(ethylene oxide) (PEO) is
a kind of synthetic polymer, which shows excellent biocom-
patibility, biodegradability, and water solubility.157 Singh et al.
used PEO, PCL, and silver sulfadiazine to prepare nanobers
with core–shell structure.131 PEO mixed with silver sulfadiazine
as the core layer (Fig. 7A(a)). The prepared core–shell nanobers
showed sudden drug release in the initial stage (Fig. 7A(c)). This
is because PEO tends to absorb water and expand, resulting in
the release of drugs too quickly. With the gradual degradation
of the core layer, the release curve gradually tended to be stable,
and the long-term sustained release of silver sulfadiazine was
realized. Abid et al. used CS and PEO to prepare nanober burn
dressings loaded with ZnO nanoparticles (Fig. 7B).120 Because it
was too difficult to spin with a single CS solution, the author
added PEO to improve the spinnability of the CS solution. The
results showed that the prepared nanobers had good anti-
bacterial activity, biocompatibility, and stability.

4.2.4 Poly(vinyl pyrrolidone). Water-soluble polymer poly-
vinylpyrrolidone (PVP) has excellent lm-forming, biodegrad-
ability, high polar groups, and is non-toxic.158,159 Khataei et al.
reported a composite nanober wound dressing using
polyamide-6, PVP, and tea tree essential oil produced by elec-
trospinning.132 The results of mechanical property tests showed
that PVP improved the mechanical strength of the nanobers,
thus protecting the wound from external forces during the
healing process. As the molecular weight of PVP increased, the
nanobers exhibited higher porosity, water vapor permeability,
and surface wettability, thereby promoting cell adhesion and
proliferation. In addition, the produced nanobers containing
tea tree essential oil exhibited excellent antioxidant and anti-
microbial properties. This explains why the nanober dressings
they prepared can effectively promote wound healing.

4.2.5 Polyurethane. Polyurethane has been widely used in
the biomedical eld due to its excellent biocompatibility and
tensile strength.160 Guo et al. prepared composite nanober
dressings loaded with ginsenoside Rg3 using polyurethane and
RSC Adv., 2024, 14, 14374–14391 | 14381
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Fig. 7 (A) Silver sulfadiazine (SSD) loaded core–shell nanofibers: (a) SEM and TEM images of core–shell nanofibers (CSNF), 2% SSD loaded and
10% SSD loaded core–shell nanofibers (SSD-CSNF); (b) degradation profile of 2% SSD-CSNF; (c) the release profile of 2% and 10% SSD-CSNF.
Adapted from ref. 131 with permission from Elsevier, copyright 2022. (B) Poly(ethylene oxide)-chitosan nanofibers: (a) TEM image of cipro-
floxacin-loaded nanofibers with a size of 100 nm; (b) cytotoxicity of nanofibers to human dermal fibroblasts and keratinocytes; (c) commutative
drug release % vs. pH and time. Adapted from ref. 120 with permission from Elsevier, copyright 2019. (C) Ginsenoside Rg3-loaded polyurethane/
marine polysaccharide-based nanofiber dressings: (a) water absorption; (b) release curve of ginsenoside Rg3 with time; (c) and (d) are the effects
of different concentrations of nanofiber dressing extracts on the proliferation of keratinocytes and fibroblasts. Adapted from ref. 126 with
permission from Elsevier, copyright 2023.
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marine polysaccharides (Fig. 7C).126 This composite dressing
showed a signicant promoting effect on the growth of bro-
blasts and keratinocytes (Fig. 7C(c) and (d)). According to the
14382 | RSC Adv., 2024, 14, 14374–14391
results of 21 days of treatment on a third-degree burn rat model,
the composite nanober dressing had a signicant effect on
promoting burn wound healing. The results indicate that
© 2024 The Author(s). Published by the Royal Society of Chemistry
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composite dressings exhibit superior wound healing potential
compared to conventional dressings in many aspects.

4.2.6 Polylactic acid. Polylactic acid (PLA) is a polyester
polymer obtained by polymerizing lactic acid as the main raw
material, which has good biocompatibility and biodegradability
and shows great potential in tissue engineering and drug
delivery.161 Liu et al. prepared degradable nanober dressings
loaded with astragaloside IV using chitosan and polylactic
acid.134 Since polylactic acid possesses certain hydrophobicity, it
can be combined with hydrophilic chitosan, enabling the
nanober dressings to resist the intrusion of foreign aqueous
solutions while slowly absorbing wound exudate. However, the
antimicrobial activity of PLA is poor, and the antimicrobial
activity of the prepared dressings mainly comes from the
synergistic effect of astragaloside IV and chitosan. The results
showed that the wound dressing they prepared had satisfactory
antibacterial and wound healing promotion effects, and was
a safe and effective wound dressing.

Polymers are always playing an important role in developing
all kinds of medicated materials.162–164 Electrospinning initially
was just a method for converting polymeric solution into solid
nanobers. Along with the fast developments of electro-
spinning techniques and the polymer sciences, more and more
polymers will be introduced into the applications of burn
dressings in the form of electrospun brous mats.165–170
5 Drugs loaded in electrospun
nanofiber burn dressings

In order to enhance the performance of nanober burn dress-
ings, various therapeutic and antimicrobial agents are incor-
porated into the nanobers, including plant extracts, small
molecule drugs, and nanoparticles. Table 2 Classication of
nanober-loaded drugs according to their biological effects.
These compounds have different functional performances, e.g.,
accelerating wound healing,171 antibacterial,172 preventing scar
formation,126 and multi-function.174,175 They can be loaded into
the nanobers alone, but can also be encapsulated jointly for
a synergistic effect.
Table 2 Bioactive compounds loaded on electrospun nanofiber
dressings

Biological effect Bioactive compounds Ref.

Accelerate wound healing Curcumin 116
Ginsenoside Rg1 123
Kiwi extract 129
Bromelain 171

Antibacterial Allicin 124
Berberis lycium extract 172
Gymnema sylvestre extract 96
Silver sulfadiazine 131
Zinc oxide 173

Reduce scar formation a-Lactalbumin 130
Ginsenoside Rg3 126

Multifunction Quercetin/rutin 128
Lavender essential oil 174
Astragaloside IV 175

© 2024 The Author(s). Published by the Royal Society of Chemistry
5.1 Accelerate wound healing

5.1.1. Curcumin. Turmeric is a perennial herb widely used
in Asia. Curcumin is the main bioactive component of turmeric,
which has many properties, such as anti-inammation, anti-
oxidation and anti-infection.176 Persistent bacterial infection
in the process of wound healing will cause long-term chronic
inammation, which will seriously affect the speed of wound
healing. Curcumin, a natural active ingredient, can reduce
wound inammation by decreasing pro-inammatory factors
expression.177 Using PCL/CS as shell, zein (ZE) and curcumin
(CUR) as core, Liu et al. prepared PCL/CS gra copolymer-zein-
curcumin (PCL/CS-ZE-CUR) electrospun nanobers.116 In the
antibacterial experiment, the total infection rate of the tradi-
tional dressing group decreased by 13.8%, while the new
nanober dressing group decreased by 78.2%, which proved the
antibacterial activity of the new nanober dressing. Judging
from the healing of the burn wound, PCL/CS-ZE-CUR electro-
spun nanober dressing had a better therapeutic effect than
traditional dressing. Curcumin's excellent ability of anti-
inammation and scavenging oxygen free radicals can accel-
erate wound healing and is expected to provide benecial
improvements for wound management.

5.1.2. Ginsenoside Rg1. Ginsenoside Rg1 is a kind of pro-
topanaxatriol saponin extracted from traditional Chinese medi-
cine Ginseng, which has anti-inammatory, antioxidant, and
neuroprotective activities.178,179 Zhou et al. produced a double-
layer structure electrospun asymmetric bre membrane con-
taining ginsenoside Rg1.123 In vitro, cytotoxicity tests showed that
ginsenoside Rg1 could promote the migration of human umbil-
ical vein endothelial cells and the formation of capillaries
(Fig. 8A(b)). The experimental results in vivo showed that the bre
membrane could regulate inammatory factors and growth
factors, and it also achieved anti-inammation and promoted
collagen deposition (Fig. 8A(d)). The prepared asymmetric
wettable membrane inhibits pro-inammatory factors by
enhancing the expression of anti-inammatory factors, promotes
macrophage M2 polarization, and inhibits macrophage M1
polarization. This also explains why the wound dressing they
prepared can accelerate wound healing (Fig. 8A(c)).

5.1.3. Kiwi extract. Kiwi extract (KE) contains a variety of
bioactive components, such as phenols, vitamins C and E,
which are considered to have anti-aging, anti-inammatory,
and antioxidant effects.180 Bayat et al. prepared nanobers
containing polycaprolactone, cellulose acetate (CA), and kiwi-
fruit extract (PCL/CA/KE).129 PCL/CA/KE nanobers have 30%
higher water absorption than PCL/CA. The results of cell
experiments in vitro showed that PCL/CA/KE nanobers had no
cytotoxicity and effectively promoted the proliferation and
attachment of broblasts. The authors used a mouse burn
model to test the ability of nanober membranes to promote
wound healing. Aer 21 days, the ability of PCL/CA/KE to
promote burn wound healing was signicantly higher than that
in the control group. The completion of the epithelialization
process and the signicant reduction of inammatory cells
better prove that PCL/CA/KE nanober is an effective dressing
to promote burn wound healing.5.1.4 Bromelain.
RSC Adv., 2024, 14, 14374–14391 | 14383
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Fig. 8 (A) Multifunctional nanofiber membranes containing black phosphorus/Rg1: (a) Escherichia coli and Staphylococcus aureus colonies
remaining in the wound area on the third day; (b) image of umbilical vein endothelial cells in vitro wound healing experiment; (c) pictures of
wounds treated with different materials on days 0, 3, 7 and 14; (d) H&E staining of wound tissues. Adapted from ref. 123 with permission from
Wiley, copyright 2022. (B) Core–shell structured anti-microbial nanofiber dressings (a) disk diffusion diagram of antibacterial activity of different
core–shell nanofibers; (b) histological images of wounds untreated and treated with nanofiber dressings; (c) comparative images of wound
treatment results at different time intervals. Adapted from ref. 96 with permission from ACS, copyright 2021. (C) Application of core–shell
nanofibers in burn treatment: (a) antibacterial effect of different core–shell nanofibers; (b) fluorescence microscope image of human dermal
fibroblasts cultured on core–shell nanofibers; (c) histological sections of different groups on the 3rd and 7th day. Adapted from ref. 131 with
permission from Elsevier, copyright 2022.
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Pineapple is a tropical fruit loved by people around the
world. Bromelain, which is extracted from the stems, leaves,
and fruit of the pineapple plant, also has great appeal. Research
14384 | RSC Adv., 2024, 14, 14374–14391
shows that bromelain has anti-inammatory, antioxidant,
immunomodulatory, cardioprotective, and anti-cancer proper-
ties.181 In addition, bromelain is widely used in the food
© 2024 The Author(s). Published by the Royal Society of Chemistry
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industry, cosmetics, and pharmaceutical industries due to its
unique pharmacological and chemical properties.182 Hasanna-
sab et al. combined the therapeutic properties of bromelain and
ZnO nanoparticles with the structural properties of silk broin
to prepare a wound dressing with antibacterial properties.171

The results of antibacterial experiments showed that bromelain
did not affect the antibacterial activity of excipients, and it was
ZnO nanoparticles that made the dressing have antibacterial
activity. However, compared with pure silk broin nanobers,
bromelain can accelerate the removal of necrotic tissue to
promote wound re-epithelialization.
5.2 Antibacterial

5.2.1 Allicin. Allicin is a thiosulnate extracted from garlic.
Allicin has many properties that are benecial to human health,
such as antibacterial, cholesterol-lowering, blood pressure-
lowering, and anti-tumour properties.183 Some studies have
shown that allicin can redox with mercaptan groups in protein
and glutathione, which is crucial for the biological activity of
allicin.184 All kinds of bacteria, fungi, and cells can be inhibited
or killed by adjusting the concentration of allicin. Mollagha-
dimi added allicin to PCL and SF to make nanober wound
dressings.124 The effect of allicin is to expand the antibacterial
properties of nanobers. In the antibacterial experiment, the
diameter of the inhibitory zone of bacterial growth was
measured. Compared with the sample without allicin, the
inhibition band of the nanober containing allicin increased to
more than 3 mm, showing a good antibacterial effect.

5.2.2 Berberis lycium extract. Berberis lycium is rich in
phenols, alkaloids, and other bioactive compounds, which have
anti-inammatory, antibacterial, and antioxidant effects.185

Khan reported a polyvinyl alcohol/montmorillonite electrospun
nanober containing root extract of Berberis lycium.172 The
results showed that the nanobers containing 0.8 g of extract
showed the highest antibacterial activity. And the inhibitory
effect on Pseudomonas aeruginosa was better than that of
Staphylococcus aureus. Compared with the control group, the
wound treated with nanobers with extract showed the best
healing effect and reduced inammation. Because the extract
has anti-inammatory and antibacterial activity, it quickly
enters the stage of cell proliferation aer a short period of
inammation.

5.2.3 Gymnema sylvestre extract. Gymnema sylvestre is
a slow-growing medicinal woody plant with effective anti-
obesity and anti-diabetes activities.186 The extract also has the
properties of anti-bacterial, anti-inammatory, anti-high
cholesterol, and anti-sugar. Ramalingam et al. prepared
coaxial nanobers in which the core layer was loaded with G.
sylvestre extract and the shell layer was loaded with minocycline
hydrochloride.96 The joint action of the extract and minocycline
hydrochloride enhances the permeability of the bacterial cell
wall, so it shows an obvious synergistic effect on Gram-positive
bacteria (Fig. 8B(a)). The prepared core–shell nanober mats
effectively promoted wound healing compared with the
untreated control group (Fig. 8B(b) and (c)).
© 2024 The Author(s). Published by the Royal Society of Chemistry
5.2.4 Silver sulfadiazine. The silver ions released from
silver sulfadiazine are an effective antibacterial agent that can
eliminate a variety of bacteria including Gram-positive and
Gram-negative bacteria. Dressings containing silver sulfadia-
zine are oen chosen for burn wound management.187 Singh
et al. prepared core–shell nanobers loaded with silver sulfa-
diazine using PEO and PCL.131 When the concentration of silver
sulfadiazine is greater than 5 mg ml−1, bacterial growth will be
completely inhibited (Fig. 8C(a)). The results showed that the
core–shell nanobers loaded with silver sulfadiazine had higher
cell proliferation ability and no toxicity to cell growth
(Fig. 8C(b)). Compared with the control group, there was no
obvious inammation in the wound images of the nanober
group (Fig. 8C(c)).

5.2.5 Zinc oxide. The tremendous development of nano-
technology has led to a wide range of applications of metal and
its oxide nanoparticles in the elds of biology, medicine,
chemistry and environment.188 Among the many metal and its
oxide nanoparticles, zinc oxide nanoparticles have attracted
attention for their many distinctive properties. In the biomed-
ical eld, zinc oxide nanoparticles exhibit excellent anticancer,
antibacterial, and antioxidant properties, as well as the poten-
tial to promote wound healing. 189 A hyaluronic acid-silk broin
core–shell nanober dressing with ZnO encapsulated in the
core layer was designed for burn treatment by Hadisi et al.170

The results showed that the addition of ZnO improved the
antimicrobial properties of the nanober dressing, which
inhibited both Escherichia coli and Staphylococcus aureus, with
an antimicrobial effect of more than 14 days. Although high
concentration of ZnO will have better antibacterial effect, it will
also be toxic to the cells. In vitro and in vivo studies have shown
that 3 wt% ZnO promotes cell proliferation, collagen deposi-
tion, and effectively improves burn wound healing. ZnO nano-
particles possess signicant antimicrobial properties and are
not prone to the problem of bacterial resistance, and thus can
be used as a viable alternative to antibiotics.
5.3 Reduce scar formation

5.3.1 a-Lactalbumin. Alpha-lactalbumin (ALA) is an acidic
small molecule globular protein found in mammalian whey.190

Its main function is to promote the synthesis of lactose in the
mammary gland. The abundant tryptophan in a-lactalbumin is
an important precursor for the synthesis of the neurotrans-
mitter serotonin. Serotonin can promote the proliferation and
migration of broblasts and keratinocytes, thereby promoting
wound healing.191 Guo et al. explored the role of ALA in accel-
erating burn wound healing and reducing scar formation by
synthesizing electrospun nanober pads of a-lactalbumin and
polycaprolactone.130 The results showed that the wound treated
with ALA/PCL dressing showed higher collagen deposition and
collagen bres were more mature than other groups. Studies
have shown that mature collagen bres can promote extracel-
lular matrix reconstruction and skin tissue growth.192

Compared with the control group, myobroblasts were signi-
cantly reduced in the ALA/PCL nanober mat group. In addi-
tion, on day 12 aer treatment, collagen I had a higher
RSC Adv., 2024, 14, 14374–14391 | 14385
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expression level than collagen III. All of the above results can
prove that ALA/PCL nanober pads can signicantly promote
wound healing and reduce scars.

5.3.2 Ginsenoside Rg3. 20(R)-ginsenoside Rg3 is a tetracy-
clic triterpene saponin present in red ginseng and has a wide
range of pharmacological activities, such as cardiovascular
regulation, antioxidant and anti-cancer.193 An experiment by
Tang et al. showed that ginsenoside Rg3 could signicantly
reduce the expression of interleukin-6 (IL-6), connective tissue
growth factor (CTGF), tumour necrosis factor a (a-TNF) and a-
smooth muscle actin (a-SMA), and enhance the expression of
anti-brosis genes such as transforming growth factor-b (TGF-
b).194 Thus, reducing the production of collagen and the accu-
mulation of extracellular matrix. Guo et al. prepared composite
nanobers blended with polyurethane and marine poly-
saccharides loaded with ginsenoside Rg3 and tested their ability
to inhibit scar formation.126 The results conrmed that the
nanober dressing loaded with ginsenoside Rg3 can effectively
adjust the ratio of type I collagen and type III collagen to inhibit
the formation of wound scars. The composite nanober
dressing has great advantages in promoting burn skin healing
and inhibiting scar formation.
5.4 Multifunction

5.4.1 Quercetin/rutin. Quercetin is a bioactive substance
produced by the hydrolysis of rutin, and it is also the most
studied avonoid. Studies have shown that quercetin/rutin can
remove oxidizing substances produced by inammation and
promote wound healing.195,196 Zhou et al. reported a new
nanober membrane composed of polycaprolactone, chitosan
oligosaccharide, and quercetin/rutin.128 The antioxidant exper-
iment showed that quercetin/rutin had a certain oxygen-free
radical scavenging ability. The antibacterial activity of nano-
ber membrane was studied with Staphylococcus aureus and
Escherichia coli. The results showed that the inhibitory effect of
the nanober membrane on Staphylococcus aureus was better
than that of Escherichia coli. This result may be due to the
unique outer membrane structure of E. coli that blocks the
inltration of external drugmolecules. All in all, this new type of
nanober membrane has good antibacterial and antioxidant
activity but also has a certain hydrophilic ability, so it is an ideal
burn dressing.

5.4.2 Lavender essential oil. Lavender has a long history of
use, and its essential oil shows excellent pharmacological
properties, which has attracted special attention.197 Lavender
essential oil is considered to be one of the most commonly used
over-the-counter herbs for the treatment of mental disorders,
anxiety, and depression.198 Studies have shown that lavender
essential oil can enhance the activity of proteins involved in
wound tissue remodelling and accelerate wound contraction.199

So et al. prepared polyurethane electrospun nanobers loaded
with lavender essential oil and silver nanoparticles simulta-
neously.174 Lavender essential oil improves the hydrophilicity of
polyurethane rice bre, provides an environment similar to the
extracellular matrix for cell proliferation, and improves the
vitality of broblasts. The results of antibacterial activity
14386 | RSC Adv., 2024, 14, 14374–14391
showed that lavender essential oil and silver nanoparticles had
signicant synergistic antibacterial effects. All in all, lavender
essential oil has potential therapeutic value for burn wound
healing, and it has great potential in the preparation of wound
dressings.

5.4.3 Astragaloside IV. Astragaloside IV is one of the
important bioactive substances in the traditional Chinese
medicine plant Astragalus membranaceus, which has been
proven to have the properties of anti-inammation, anti-
oxidation, anti-cancer, anti-hypertension, and anti-
brosis.200,201 Astragaloside IV can inhibit oxidative stress and
extracellular matrix deposition.202 During the wound healing
process, Astragaloside IV promotes wound healing and reduces
scar formation by reducing collagen deposition and reducing
the expression of inammation. Zhang et al. prepared silk
broin/gelatin electrospun nanobers loaded with Astragalo-
side IV and tested their effect on wound treatment.175 The
results showed that the ratio of I/III collagen in the nanober
dressing group loaded with Astragaloside IV was close to that of
normal skin, which decreased the expression level of a-smooth
muscle actin and inhibited scar formation. Silk broin/gelatin
nanober dressings loaded with Astragaloside also accelerate
wound healing by promoting angiogenesis, increasing the
number of wound macrophages, and improving local anti-
inammation.

6 Conclusions and perspectives

Burns, as an uncontrollable accidental injury, seriously affect
the physical and mental health of patients. Nanober dressings
are oen used for burn wound management. Electrospinning is
widely used in the preparation of nanobers due to its simple
operation and low cost. Electrospun nanobers show great
potential in promoting wound healing due to their unique
structure and physicochemical properties. First of all, this
review introduces the common types of electrospun nanobers.
With the continuous improvement of electrospinning tech-
nology, there are blending electrospinning, emulsion electro-
spinning, coaxial electrospinning, side-by-side electrospinning,
and triaxial electrospinning. Among them, the nanobers with
core–shell structures can control the rate of drug release and
achieve long-term continuous drug delivery. Secondly, the
polymers used for electrospinning nanobers are reviewed,
including natural polymers and synthetic polymers. Natural
polymers are generally extracted from plants or animals, which
have good biocompatibility and similar characteristics to
natural tissue matrix, showing the potential to promote skin
regeneration. However, the lm-forming properties of natural
polymers are poor and need to be improved by blending with
other polymers. Researchers usually choose synthetic polymers
with strong mechanical properties and natural polymers to
improve the overall properties of electrospun nanobers.
Finally, the bioactive substances wrapped in nanober dress-
ings are introduced in this paper. Nanobers have biological
activity by adding antibiotics, natural active substances, and
nanoparticles, which can prevent bacterial infection and
accelerate wound healing at the same time.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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There are still many challenges in the application of elec-
trospun nanobers in burn wound dressings. Microbial infec-
tion and persistent inammation will affect the speed of wound
healing. Considering the complexity of the burn wound healing
process, it is very important to choose a suitable dressing. At
present, people are not only paying attention to the antibacte-
rial activity of nanober dressings and their ability to accelerate
wound healing but also whether the dressings can inhibit
scarring. Researchers try to use a variety of materials to make
nanober dressings have more functions, but it still requires
a large number of clinical trials to prove the effectiveness and
safety of nanober dressings. The application of nanobers in
biomedicine is expanding, and it also shows a great prospect in
wound management. This review provides some reference for
the application of nanober dressing in clinical burn treatment.
In the future, it is necessary to further improve the preparation
methods of nanobers and nd more bioactive substances to
improve the therapeutic effect and reduce the cost. As a special
applied eld, wound dressing is able to always rely on the
appearances of new electrospinning techniques,202–206 and also
its combinations with electrospraying and other traditional
chemical and physical methods.207–217
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Curr. Drug Delivery, 2018, 15, 1360–1374.
© 2024 The Author(s). Published by the Royal Society of Chemistry
109 M. L. Wang, J. S. Hou, D.-G. Yu, S. Y. Li, J. W. Zhu and
Z. Z. Chen, J. Alloys Compd., 2020, 846, 156471.

110 Y. Liu, X. Chen, Y. Gao, Y. Liu, D. G. Yu and P. Liu,
Biomolecules, 2022, 12, 1057.

111 K. Ghosal, R. Augustine, A. Zaszczynska, M. Barman,
A. Jain, A. Hasan, N. Kalarikkal, P. Sajkiewicz and
S. Thomas, React. Funct. Polym., 2021, 163, 104895.

112 A. T. Prabhu, V. Baliga, S. Bhat, S. T. Thenkondar, Y. Nayak
and U. Y. Nayak, Pharmaceutics, 2023, 15, 1560.

113 Y. Liu, S. Y. Zhou, Y. L. Gao and Y. L. Zhai, Asian J. Pharm.
Sci., 2019, 14, 130–143.

114 S. Homaeigohar and A. R. Boccaccini, Acta Biomater., 2020,
107, 25–49.

115 A. S. Shabunin, V. E. Yudin, I. P. Dobrovolskaya,
E. V. Zinovyev, V. Zubov, E. M. Ivan'kova and P. Morganti,
Cosmetics, 2019, 6, 16.

116 Q. Liu, L. P. Yang and Q. R. Peng, Mater. Express, 2021, 11,
1420–1437.

117 M. Mirhaj, M. Tavakoli, J. Varshosaz, S. Labbaf, S. Salehi,
A. Talebi, N. Kazemi, V. Haghighi and M. Alizadeh,
Carbohydr. Polym., 2022, 292, 119648.

118 S. Khosravimelal, M. Chizari, B. Farhadihosseinabadi,
M. Moosazadeh Moghaddam and
M. Gholipourmalekabadi, J. Mater. Sci.: Mater. Med., 2021,
32, 114.

119 M. S. Morais, D. P. F. Bonm, M. L. Aguiar and
W. P. Oliveira, J. Pharm. Innovation, 2022, 1–15, DOI:
10.1007/s12247-022-09681-7.

120 S. Abid, T. Hussain, A. Nazir, A. Zahir, S. Ramakrishna,
M. Hameed and N. Khenoussi, Int. J. Biol. Macromol.,
2019, 135, 1222–1236.

121 A. Li, L. Li, B. a. Zhao, X. Li, W. Liang, M. Lang, B. Cheng
and J. Li, Int. J. Biol. Macromol., 2022, 194, 914–923.

122 C. M. Leung, C. Dhand, V. Mayandi, R. Ramalingam,
F. P. Lim, V. A. Barathi, N. Dwivedi, G. Orive,
R. W. Beuerman, S. Ramakrishna, Y. C. Toh, X. J. Loh,
N. K. Verma, A. W. C. Chua and R. Lakshminarayanan,
Biomater. Sci., 2020, 8, 3454–3471.

123 L. M. Zhou, N. N. Liu, L. B. Feng, M. Y. Zhao, P. Wu,
Y. F. Chai, J. Liu, P. Zhu and R. Guo, Bioeng. Transl. Med.,
2022, 7, e10274.

124 B. Mollaghadimi, IET Nanobiotechnol., 2022, 16, 239–249.
125 A. Yerra and M. M. Dadala, J. Appl. Polym. Sci., 2021, 139,

51930.
126 X. Guo, F. F. Xiu, H. Bera, Y. F. Abbasi, Y. Chen, L. W. Si,

P. X. Liu, C. W. Zhao, X. Tang, Y. Feng, D. M. Cun,
X. Zhao and M. S. Yang, Carbohydr. Polym., 2023, 317,
121085.

127 Y. F. Huang, L. Wang, L. Yi, B. J. Xin and T. X. Li, J. Text.
Inst., 2024, 115, 208–217.

128 L. Z. Zhou, L. Cai, H. J. Ruan, L. Zhang, J. Wang, H. J. Jiang,
Y. Wu, S. W. Feng and J. Chen, Int. J. Biol. Macromol., 2021,
183, 1145–1154.

129 G. Bayat, M. Fallah-Darrehchi, P. Zahedi,
A. B. Moghaddam, P. Ghaffari-Bohlouli and H. Jafari, J.
Biomater. Sci., Polym. Ed., 2023, 34, 72–88.
RSC Adv., 2024, 14, 14374–14391 | 14389

https://doi.org/10.1016/B978-0-08-102198-9.00011-9
https://doi.org/10.1016/B978-0-08-102198-9.00011-9
https://doi.org/10.1007/s12247-022-09681-7
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01514b


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
m

ai
at

za
k 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4/

07
/1

3 
21

:1
6:

11
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
130 X. Guo, Y. N. Liu, H. Bera, H. T. Zhang, Y. Chen, D. M. Cun,
V. Fodera and M. S. Yang, ACS Appl. Mater. Interfaces, 2020,
12, 45702–45713.

131 R. Singh, P. Roopmani, M. Chauhan, S. M. Basu,
W. Deeksha, M. D. Kazem, S. Hazra, E. Rajakumara and
J. Giri, Int. J. Pharm., 2022, 613, 121358.

132 S. Khataei, M. H. Al-Musawi, K. Asadi, S. Ramezani,
M. Abbasian and M. Ghorbani, J. Drug Delivery Sci.
Technol., 2023, 82, 104310.

133 S. Ramkumar, A. S. Nivetha, S. Saravanan, R. Harchana,
B. Sathyasri and N. Sammeta, J. Mater. Res., 2022, 37,
4360–4367.

134 Z. Liu, Y. Lv, G. Zheng, W. Wu and X. Che, AAPS
PharmSciTech, 2023, 24, 202.

135 J. Venkatesan and S.-K. Kim, Mar. Drugs, 2010, 8, 2252–
2266.

136 P. S. Bakshi, D. Selvakumar, K. Kadirvelu and N. S. Kumar,
Int. J. Biol. Macromol., 2020, 150, 1072–1083.

137 S. Peers, A. Montembault and C. Ladavière, J. Controlled
Release, 2020, 326, 150–163.

138 W. M. Kedir, G. F. Abdi, M. M. Goro and L. D. Tolesa,
Heliyon, 2022, 8, e10196.

139 M. E. Abd El-Hack, M. T. El-Saadony, M. E. Sha,
N. M. Zabermawi, M. Arif, G. E. Batiha, A. F. Khafaga,
Y. M. Abd El-Hakim and A. A. Al-Sagheer, Int. J. Biol.
Macromol., 2020, 164, 2726–2744.

140 M. Kong, X. G. Chen, K. Xing and H. J. Park, Int. J. Food
Microbiol., 2010, 144, 51–63.

141 H. P. Shi, S. M. Wang, G. X. Zhang, Y. J. Zhang and
A. Barbul, Wound Repair Regen., 2007, 15, 66–70.

142 H. R. El-Seedi, N. S. Said, N. Yosri, H. B. Hawash, D. M. El-
Sherif, M. Abouzid, M. M. Abdel-Daim, M. Yaseen,
H. Omar, Q. Shou, N. F. Attia, X. Zou, Z. Guo and
S. A. M. Khalifa, Heliyon, 2023, 9, e16228.
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