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Electrostatic spinning as a technique for producing nanoscale fibers has recently attracted increasing
attention due to its simplicity, versatility, and loadability. Nanofibers prepared by electrostatic spinning
have been widely studied, especially in biomedical applications, because of their high specific surface
area, high porosity, easy size control, and easy surface functionalization. Wound healing is a highly
complex and dynamic process that is a crucial step in the body's healing process to recover from tissue
injury or other forms of damage. Single-component nanofibers are more or less limited in terms of
structural properties and do not fully satisfy various needs of the materials. This review aims to provide
an in-depth analysis of the literature on the use of electrostatically spun nanofibers to promote wound
healing, to overview the infinite possibilities for researchers to tap into their biomedical applications
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1. Introduction

In recent years, there has been a rapid development of research
on nanomaterials. Nanofibers are prepared via stretching,
deposition, self-assembly, phase separation, etc., but there are
problems such as complicated processes, low efficiency, and
high environmental requirements, which limit the application
of nanofibers." Electrostatic spinning technology has emerged
to keep pace with the times.>

Electrostatic spinning was initially used to produce nano-
fibers for textiles® and filtration applications.* With the
continuous development of science and technology, electro-
static spinning has important applications in many fields. For
instance, noteworthy applications exist in the realm of food
packaging pertaining to the preservation of food through anti-
microbial and antioxidant properties,®” enhancement in the
encapsulation efficiency (EE) of actives,>® enzyme immobiliza-
tion,>* edible food coatings," and smart packaging,**>** and
thermal management composites for phase-change materials
also have significant applications. For example, they are used in
water filtration treatment," photocatalytic treatment of water
pollution,* electrocatalysis,'® and filtration in the field of envi-
ronmental protection. According to reports, there are already
dozens of polymers that have been made into nanofiber
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to propose directions and perspectives for future research.

structures through electrospinning technology,'”** such as poly-
-lactic acid (PLA),"** polyvinyl alcohol (PVA)**** poly-
caprolactone (PCL),*** polyurethane (PU),>*® polyvinylidene
fluoride (PVDF),”” and polyhydroxybutyric acid ester hydroxy
valerate (PHBV),>*** which are also used in the development of
electrospinning materials.

Functional electrostatically spun nanofibers are a kind of
fibrous material prepared by the electrostatic spinning technology
with multiple functions. Due to their simplicity, multi-
functionality, and loadability; their high specific surface area and
porosity; biocompatibility and biodegradability; easy control over
size; and easy surface functionalization (e.g., surface coating and
surface modification), they have recently attracted increasing
interest, and they have a promising future for a wide range of
applications in the field of biomedicine, especially in the field of
wound healing.* In the field of biomedicine as well as tissue
engineering,” Hu et al.** prepared composite nanofibers with
polydopamine (PDA)-modified hydroxyapatite nanoparticles and
PLA by the ES method, which exhibit better hydrophilicity,
mechanical properties, and cellular activity, and can be used for
tissue engineering scaffolds. Hwang et al.** coated the surface of
PLA fibers with tantalum (Ta), which has high biocompatibility, to
improve the bone conduction of PLA. This can be used as
a guiding membrane for bone regeneration. Liu et al.** encapsu-
lated cinnamaldehyde (CA) in cyclodextrin (CD) and introduced
CA/CD into PLA composite fibers by electrospinning, thereby
improving the mechanical properties, hydrophilicity, and anti-
bacterial activity, as well as lowering the cytotoxicity, of the
nanofibers. They can be used as wound dressings. Electro-
spinning has certain advantages in the preparation of fiber
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membranes. For example, electrospun fibers with randomly
oriented network structures can simulate the three-dimensional
structure of the extracellular matrix (ECM), with high porosity
and permeability. They are nontoxic, do not cause rejection when
implanted in the body, and can be completely metabolized and
excreted from the body.>>*

Currently, numerous studies have reported the application
of functional electrospun nanofibers in promoting wound
healing of various types. For instance, they can be used in acute
skin wounds,***” chronic wound healing,***° and other aspects.
At the same time, there are many studies devoted to the devel-
opment of new functional electrospun nanofiber materials and
exploring different application areas and mechanisms** (Fig. 1).

The popularization of electrostatically spun nanotechnology
has expanded the use of nanomaterials in biomedical applica-
tions. This paper reviews the applications of electrostatically spun
nanofibers in the field of promoting wound healing. An intro-
duction to the ES technology is given, followed by a collation of the
structure and healing mechanisms of skin and wound healing. In
this review, we focus on the preparation and properties of func-
tionalized nanofiber dressings such as antimicrobial, antiin-
flammatory, hemostatic, antioxidant, controlled drug release,
responsiveness, exudate management, and wound monitoring, as
well as their applications in the wound-healing process. Recent
advances in research on the healing of chronic wounds, such as
burns and diabetes-related wounds, are also briefly described.
Functional electrostatically spun nanofiber dressings provide
a suitable microenvironment at the wound site and provide
a powerful aid to wound healing and consequently better
addressing the critical needs in biomedicine.

1.1. ES

The history of ES dates back as far as 1897, when it was first
observed by Riley. In 1934, a patent was filed by Formhals. At
that time, L. Bocquillon, an American chemist, reported - for
the first time — a method of converting polymer materials into
fine filaments using electrostatic force. This technology was
then called “electrospinning” and was applied to the manu-
facture of chemical fiber products. In the following decades, ES
technology was continuously improved and developed. Taylor's
work with electric jets laid the groundwork for ES, and in 1969,
DuPont introduced Kevlar, a polyamide fiber based on ES
technology, for the first time.*>*
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Fig. 1 Annual issues (2008-2022); search the science web for terms
“electrospinning” and "wound healing”.
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Fig. 2 (a) Schematic of the appearance of the electrospinning
machine (b) schematic of the electrospinning process.

1.1.1. Basic composition. The ES machine mainly consists
of a high-voltage power supply, a propulsion pump, a syringe,
a needle, and a collector (Fig. 2).

1.1.2. Working principle of ES. Electrospinning operates
on the principle that exposing a polymer solution to high-
voltage electrostatics of thousands to tens of thousands of
volts and applying a high voltage to the tip of a syringe con-
taining the spinning solution® creates repulsion between the
charges in the spinning solution and attraction between the
grounded collection devices. This creates an electric-field force
that overcomes the surface tension of the solution, resulting in
the atomization effect of the electrospun liquid, splitting it into
tiny jets when the electric-field force is sufficiently large.** A
polymer droplet, charged and under the influence of an electric
field, accelerates toward the tip of a Taylor cone. The droplet
undergoes a transition from a spherical to a conical shape at the
needle tip, thereby forming the “Taylor cone”.*>**” Subsequently,
fiber filaments are produced by extending from the cone tip,
undergoing stretching, solvent evaporation, and curing, ulti-
mately yielding nanoscale polymer fibers.*®

1.1.3. Classification of electrospinning. The production
process of ES can be divided into dry spinning, wet spinning,*
coaxial ES,>*?****! and bubble spinning (Fig. 3).

Table 1 shows a comparison of the classification as well as
advantages and disadvantages of dry, wet, coaxial, and bubble
ES.

Depending on the number of needles, the main types of ES
techniques for the preparation of nanofibers are needleless ES**
(Fig. 4(a)), single-needle ES* (Fig. 4(b)), coaxial ES**** (Fig. 4(c)),
and multineedle ES*>*® (Fig. 4(d)).
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Fig. 3 (a) Dry electrospinning (b) wet electrospinning (c) coaxial
electrospinning and (d) bubble electrospinning, illustrated from the
literature.®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Classification and comparison of dry, wet, coaxial and bubble ES
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Classification Fiber diameter Fiber morphology Advantages Disadvantages
Dry Tens of microns to Single root Fast and efficient manufacturing Poor mechanical strength
electrospinning over a millimeter processes; mild process conditions;
does not contain irritating solvents
Wet Tens of microns to Single root Rapid and efficient manufacturing Limited substance
electrospinning over a millimeter process; high porosity and large pore encapsulation induced by
size longer chemical exposure
times; poor mechanical
strength
Coaxial Micron to Single fiber with Multiple polymer compatibility; High voltage required; the
electrospinning submicron/nano porous, robust, multiple system solution spinning; solvent needs to be removed;
hollow, core-shell ability to easily fabricate nanofibers; selection of nuclear sheath
structure; aligned/ high surface area-to-volume ratio; solution
random pattern easy handling; excellent material
handling; scalable production
Bubble Nanoscale Multi-jet twisting Spinning is done without static The size of the bubbles is
electrospinning electricity, avoiding static pollution difficult to control, and the
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Table 2 lists the classification comparison as well as the
advantages and disadvantages of needleless, single-needle,

coaxial, and multineedle ES.
1.1.4.

Influence of parameters on fiber morphology. The

morphology of nanofibers and the spinning effect are affected
by many parameters,** including solution parameters, process
parameters, and environmental parameters. The solution

parameters

include polymer molecular weight,

solution

concentration, solution viscosity, spinning solution conduc-
tivity, liquid surface tension, solvent volatility, and dielectric
constant. The process parameters include working voltage,
injection flow rate, collection distance and height, needle inner

Fig. 4
spinning®®  (c)
electrospinning.®

(a) Needleless electrospinning®-%° (b) single-needle electro-
coaxial

diameter, and so on. Further, the morphology is affected by

electrospinning®%* and (d) multineedle

humidity and temperature, which comprise the environmental
parameters (Table 3 lists the parameters of electrospinning and

their influence on fiber morphology, and Table 4 lists the

Table 2 Comparison of needleless electrospinning, single-needle electrospinning, coaxial electrospinning, and multineedle electrospinning

Classification Advantages Disadvantages References
Needleless Strong self-cleaning ability, stable multi-jet High production environment 43 and 50
electrospinning ejection, and improved productivity requirements; requires a large amount of
organic solvents
High fidelity, high purity, high productivity Easy to tangle, easy to form beaded fibers 51 and 52
Single-needle Long-term stable operation, also easy to handle Low productivity 49 and 53
electrospinning during the lamination process
Coaxial The release rate can be adjusted by adjusting The selection range of materials is narrow 54-56
electrospinning parameters such as fiber diameter and porosity
Multi-needle Containing a variety of active substances; Needle interactions are not conducive to 57
electrospinning enhancing productivity stable spraying; film uniformity is poor;
nozzles clog easily
Long-term stretching maintains stability, good The production environment for 49

repeatability and stabilization; sensing
performance and capacitance changes are
unaffected by stretching rate

© 2024 The Author(s). Published by the Royal Society of Chemistry

manufacturing smart wearable electronics
requires high standards
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Table 3 Parameters of electrospinning and their effects on fiber morphology

Classification Impact parameters

Effect on fiber morphology

References

Solution Relative molecular mass
parameters

Concentration

Fiber diameters obtained from polymer solutions with too high 43
a relative molecular mass are generally larger
Fiber diameter increases with concentration, while strength and 56

modulus decrease

The higher the concentration, the smaller the chance of forming 65 and 66
microspheres, the higher the concentration, the easier it is to clog

the nozzle, the lower the concentration, the lower the splash

Viscosity

As viscosity increases, the number of droplets and stringers 67

decreases and fiber diameter increases
High conductivity forms thick and continuous nanofibers, low 68
viscosity forms fine and shorter nanofibers

Conductivity

Fiber diameter decreases with increasing conductivity; high 69

conductivity leads to thinner nanofibers and less chance of bead
formation; high conductivity affects coaxial fiber uniformity

Polarity
the fiber
Surface tension

The greater the polarity of the solvent, the smaller the diameter of 5

High surface tension leads to instability of the jet, usually low 46

surface tension helps the solution to be electrostatically spun at
a low electric field

Volatile

Higher volatility of solvents is associated with higher porosity and 50

increased surface area

Process
parameters

Voltage

Too low a voltage, a high number of fiber beads and larger 26
diameter; too high a voltage cannot form a stable jet, fiber

breakage and non-uniformity

The higher the voltage, the smaller the diameter of the fiber, but 70
will also increase the corresponding fiber jet speed and fiber

scattering problems

Within a certain range, the higher the voltage, the smaller the 65
fiber diameter

Feed speed

Fiber diameter decreases with decreasing feed rate, and when the 42

flow rate exceeds a critical value and continues to increase, the
fiber diameter increases and the number of beaded structures

increases

Lower transport velocities increase the retention time of the 5
solution between the electrodes, which facilitates the generation

and alignment of nanofibers; an increase in flow rate is

associated with an increase in fiber diameter

Needle diameter

Needle diameter will directly affect the fiber diameter, large 71

diameter is easy to form beaded fibers

Work distance

Both excessive proximity and excessive distance can result in the 47

formation of bead-like structures in fibers

Collector

Smooth fibers can be obtained from a metal collector, while flat 72

collection yields randomly oriented fibers, and rotary collection
can generate fibers with a certain degree of orientation,
demonstrating anisotropy

Environmental
parameters

Humidity
Temperature

In high humidity, fibers tend to form beads and pores
The formation of fibers is influenced by both environmental and 22

58 and 73

fluid temperatures, typically resulting in uniform nanofiber
diameters at higher temperatures

electrospinning parameters and their influence on fiber
morphology).

1.2. Introduction of skin and wound healing

1.2.1. Introduction to the skin. The skin - the largest organ
in the human body - possesses physiological functions such as
regulating body temperature and preventing dehydration. It can
also protect the body from adverse effects caused by external
pressures, such as mechanical damage, radiation, chemical

3362 | RSC Adv, 2024, 14, 3359-3378

substances, bacteria, and viruses.”*”® According to a survey
conducted by QYResearch,”® the global wound care manage-
ment market was approximately 188.2 billion yuan (RMB) in
2021, and is expected to reach 243.4 billion yuan by 2028, with
a compound annual growth rate (CAGR) of 3.7% during the
period of 2022-2028. In the United States, it has been reported
that over 6.5 million wound-related patients spend $25 billion
on the healthcare system annually, which accounts for 2-3% of
the medical budget. The loss of skin tissue due to physical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Physiological structure of the skin, from the literature”™
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Skin structure Connect with the outside world Formation

Functionality

Direct contact
Not in direct contact

Epidermis
Dermis

trauma or disease can result in disability or even death, causing
immense suffering for millions of people each year. Skin-related
diseases pose a global public health issue. According to statis-
tics, chronic nonhealing wounds affect approximately 80 000
medical insurance beneficiaries, and the estimated medical
insurance cost for all such wounds is projected to increase from
$220 million to $8.1 billion. This not only requires more
medical treatment resource, but also imposes endless economic
burdens on society and families.

Before discussing the process of wound healing, we first
understand the structure of normal skin. Under normal human
conditions, the body's autoimmunity can heal skin wounds,
which itself has dynamic and complex responses. The physio-
logical structure of the skin is usually divided into the
epidermis and dermis,”””® as shown in Table 4.

1.2.2. Wound healing. Wound healing is divided into four
phases, namely, hemostasis, inflammation, proliferation, and
remodeling”™ (Fig. 5), carried out by immune cells, endothelial
cells, fibroblasts,* and keratin-forming cells, which are inter-
spersed and intertwined with one another to form a highly
complex healing process. Normally, almost within minutes after
trauma, the body initiates a series of immune and inflammatory
responses to control and reduce bleeding as it removes necrotic
tissue and bacteria. This process may cause symptoms such as
pain, swelling, and redness. Platelet aggregation and fibrin clot
formation then produce hemostasis, and the wound-healing
process rapidly shifts to the inflammatory phase. During this
phase, the ECM interacts with fibrin-like proteins in the blood
and forms a clot, creating a coagulation barrier that protects
vascular access and prevents infection. Inflammatory cells such
as neutrophils (a type of leukocyte) and monocytes are pooled at
the wound site and the resulting inflammatory response not
only removes foreign bodies, bacteria, and damaged

/ Hemostasis { . /Inflammatiun {

Fig. 5 Four stages of wound healing: (a) hemostasis (b) inflammation
(c) proliferation and (d) remodeling. The aforementioned references
serve as the foundation for this information. The citation is derived
from ref. 81.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Cuticle and hair growth layer
Papillary and reticular layers

Blocking tissue fluid outflow, friction reduction, anti-infection
Provides mechanical strength to the skin

endogenous tissues but also secretes chemokines and growth
factors (GFs) to further attract cells. Neutrophil counts usually
peak 24-48 h after injury and significantly decline after 3 days.
As the leukocytes leave, macrophages continue to remove debris
and secrete GFs and proteins that attract immune system cells
to the wound to promote tissue repair, thereby directing the
healing process into the proliferative phase. During the prolif-
erative phase (within 2-3 days after the creation of the wound),
cells multiply and differentiate to reestablish the tissue struc-
ture, whereas toxins in the wound need to be dealt with to
prevent further damage to the body from the flora surrounding
the wound. During this stage, inflammatory cells are activated,
as well as stem cells begin to migrate to other adjacent tissues;
at the same time, other cells (e.g., fibroblasts, dermatocytes, and
so on) get involved, and the traumatic fibroblasts and
keratinogen-forming cells produce some light-pink tissues to
fill in the defects, repairing and protecting the skin and other
tissues that have been damaged, and are called granulation
tissues due to the shape of granulation (similar to that of
a sarcomere). The granulation tissue mainly consists of infil-
trating inflammatory cells, fibroblasts, and some new capil-
laries. Important factors in this phase include cytokines, GFs,
and mesenchymal components that promote cell growth and
multiplication. Because multiple cells and tissues are involved
at this stage, there may be multiple factors that contribute to
slow or poor wound healing. As granulation tissue forms, cells
begin to move toward the wound and divide to form new tissue.
At the same time, collagen and elastin fibers begin to rearrange
and synthesize, and basal cells surrounding the defective tissue
continue to proliferate and migrate into the wound to form new
epithelial cells. When the entire wound is covered by epithelial
cells, it marks the completion of reepithelialization, whereas
the completion of reepithelialization after the granulation
tissue fills the defect results in the formation of a scar epithe-
lium. The cells also need to grow and differentiate further so
that new cells can differentiate at the wound and form new
blood vessels of the tissue interconnecting with the
surrounding tissue to support the circulation of blood flow and
nutrients. During the early stages, cells fill wounds by growing
at intervals and later form interconnected structures between
cells, which eventually grow and reconfigure the entire tissue
through multiple growths and proliferations.***’

The process of wound healing is an intricate and sophisti-
cated one, with each stage playing a crucial role in achieving
favorable healing outcomes. It involves the participation of
various cell types and cytokines, including platelets, lympho-
cytes, and fibroblasts.®**> This paper mainly concerns the
following aspects, reviewing researchers’ advanced multi-
functionalization of materials by functional composite

RSC Adv, 2024, 14, 3359-3378 | 3363
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modification of nanofibers to promote the process of wound
healing. Future research directions and perspectives are
proposed for the scientific study of ES in wound healing.

2. Functionality of electrostatically
spun nanofiber materials

The original use of electrospun nanofiber wound dressings was
to simply physically isolate the outside environment.'**?
However, with the advancement of basic research and the
increasing demand for wound healing in clinical settings, there
has been a growing requirement for enhanced fiber material
properties. Consequently, there has been an emergence of
electrospun nanofiber dressings with increasingly diverse
dressings.

2.1. Antibacterial and antiinflammatory electrostatically
spun fiber wound dressing

In recent years, antimicrobial and antiinflammatory fiber
dressings with excellent mechanical properties® and superior
biocompatibility prepared using nanotechnology have received
increasing attention.**** Not only do these materials exhibit
antibacterial and antiinflammatory properties (effectively alle-
viating wound infection and pain as well as promoting wound
healing) but they can also activate the repair mechanisms of
damaged tissues, playing a crucial role in the wound-healing
process.®**”

Bacterial infection poses the most common and inevitable
challenge to wound healing. Inflammation - the second phase
of wound healing®®*® - primarily serves to eradicate bacteria and
clear debris. Excessive generation of free radicals at the wound
site leads to tissue damage, enzyme inactivation, and lipid
peroxidation, as well as significantly delays the wound-healing
process.” In the case of wound infection, bacteria may induce
persistent inflammatory responses at the infection site, further
prolonging the healing process of the inflammatory stage.

Severe inflammation often results in poor wound healing
and can even lead to complications, including bacteremia,
sepsis, and septicemia.

Commonly used antimicrobial additives include antimicro-
bial metal nanoparticles, such as zinc oxide nanoparticles
(ZnONPs),**** silver nanoparticles (AgNPs),” and silver oxide
(Ag,0). A study found that the use of PLA nanofibers containing
nanosilver significantly promoted the healing of skin wounds in
mice,’** which was attributed to the fact that nanosilver could
kill bacteria in the wounds, and at the same time, the high
specific surface area of nanofibers could increase the contact
area between the cells and the ECM, which could promote the
regeneration of cells and healing.®® Furthermore, it has been
reported that the long-term use of excessive Ag-containing
content can considerably increase the prevalence of “Argyria”.*”

ZnO nanoparticles are also widely used in wound dressings
due to their excellent antimicrobial activity, low cytotoxicity,
and ability to promote the proliferation of fibroblasts. Zhou
et al®® investigated a bilayer electrostatically spun fibrous
membrane with an outer layer of randomly oriented ZnO/PCL
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fibers and an inner layer of neatly alighed nucleosheath struc-
ture of PCL@CS. The results showed that the outer layer could
confer strong antibacterial activity on the bilayer membrane
and inhibit bacterial growth. The inner layer could provide
antiinflammatory and effective functions of guiding cellular
arrangement. The bilayer CS/PCL electrostatically spun
membrane loaded with 1.2 wt% ZnO showed enhanced tensile
strength, significant inhibition of Escherichia coli and Staphy-
lococcus aureus, and exhibited no cytotoxic behavior toward
fibroblasts. In addition, the bilayer membrane was able to
maintain the high bioavailability of ZnO nanoparticles and
synchronized with the aligned structural features of CS fibers,
thereby reducing inflammation and stimulating cell migration
and reepithelialization in vivo.

Sun et al.® prepared tunable core-sheath-structured poly-
acrylonitrile (PAN)/HBPE nanofibers using hyperbranched
polyester (HBPE) loaded with ZnONPs by phase separation of
the two components during centrifugal spinning and further
introduced ZnONPs into the sheath layer. The results showed
that the ZnONPs were dispersed by HBPE encapsulation. The
PAN/HBPE/ZnONP nanofibers doped with 17 wt% ZnONPs
successfully delivered 86.6 wt% of Zn to the surface of the
nanofibers, which is a 90% improvement compared with
nanofibers without HBPE. PAN/HBPE/ZnONP nanofibers
exhibited excellent breathability and good biocompatibility, as
well as antibacterial rates as high as 96%. This facile processing
strategy cleverly combines material and structural advantages
and demonstrates an efficient and stable method to prepare
core-sheath-structured nanofibers with functional
particles. The method is also expected to be used for loading
small molecules, showing a variety of potential applications
such as organophosphorus pesticide detection'® and food-
packaging materials.'**

To date, antimicrobial drugs are still the preferred strategy
for the clinical treatment of infected wounds, and a large
number of drugs have been reported to be encapsulated in
electrostatically spun nanofibers for the preparation of anti-
microbial wound dressings, including penicillins (e.g., peni-
cillin, amoxicillin, and so on), macrolides (such as erythromycin
and clarithromycin), aminoglycosides (e.g., gentamicin, kana-
mycin,'** streptomycin eticlopramide, and amikacin), tetracy-
clines (e.g., doxycycline and tetracycline), sulfonamides (e.g.,
metribenzylidene and complex sulfonamides), fluoroquinolone
antibiotics, and ciprofloxacin hydrochloride.**® Alotaibi et al.***
prepared composite electrostatically spun nanofibers loaded
with neomycin (Ne) carrageenan, polyacrylonitrile and pullulan
polysaccharides®*®*1%-1* (CG/PAN/PU) by ES for cutaneous
wound healing, which was especially effective for burn wounds.
In rabbit model experiments, wounds healed in a short period
even with drug-free CG/PAN/PU/Ne nanofibers compared with
conventional surgical gauze; therefore, drug-loaded CG/PAN/
PU/Ne nanofibers have greater healing potential. Peng et al.*™
successfully prepared hybrid poly(lactic glycolic acid) (PLGA)/
silkfibroin (SF) membranes loaded with artemisinin (ART) as
an antiinflammatory agent onto fiber membranes by the ES
technique. The experimental results revealed that the cumula-
tive ART release could reach 69% after three weeks, and the

nano-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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prepared membrane had a good slow-release effect. Meanwhile,
the PLGA/SF/ART fiber membrane shortened the inflammatory
period of the wound and facilitated skin regeneration by
promoting the expression of inflammatory factors.

Although antibiotics provide excellent clinical control of
infections, the problem of bacterial resistance is becoming
increasingly serious. Therefore, the search for better antimi-
crobial strategies has become a topic of considerable interest.*>

To address the challenges of long acute wound-healing time
and post-healing scars, Jatoi et al.'*® developed a three-phase
sustained antimicrobial nanofiber of PVA/carbon nanotubes—
AgNPs. Dai and Qin et al.'** presented a new method for the
preparation of multifunctional nanomaterials with antimicro-
bial, antioxidant, and thermoregulatory functions. This mate-
rial was prepared by the coaxial ES technique for core-sheath-
structured fibers - PLA/Cur/n-octadecane (OD) phase-change
thermoregulatory fibers were prepared by selecting OD as the
core material. By optimizing the manufacturing conditions of
the nanofibers, the researchers successfully fabricated this
composite nanomaterial containing linear copolymers, natural
antimicrobial substances, and nanoparticles of zinc oxide
(znO), as well as successfully applied it to functional materials
for antimicrobials, which have a wide range of applications in
many fields, such as medicine, food, and pharmaceuticals.

Tang et al.™ fabricated edible gelatin fibers by incorporating
peppermint oil (PO) and chamomile oil (CO). The experimental
results showed that all the gelatin nanofibers containing PO,
CO, or PO/CO exhibited concentration-dependent antimicrobial
properties against E. coli and S. aureus, as well as some anti-
oxidant properties. In gelatin nanofibers, the combined action
of PO and CO exhibited better bioactivity than either PO or CO
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gelatin fibers was revealed by the tetramethyl azole salt colori-
metric assay. The developed gelatin/PO/CO nanofibers were
shown to be biologically safe wound-healing dressings.

Dalgic et al.'*® prepared a bilayer electrospun scaffold by the
dry ES of hydrophilic PUL fiber membranes onto hydrophobic
PHBV3D fiber mats that underwent wet electrospinning in the
presence of the crosslinking agent glutaraldehyde (GTA), using
pullulan polysaccharide and PHBV** as the raw materials. The
results showed that the PHBV layer of the scaffold was devel-
oped as a micron-sized (5.68 £ 2.12 um) regenerated fiber layer
(regeneration layer) with a large pore size, which promotes cell
survival, proliferation, and migration, as well as O, and nutrient
delivery. Meanwhile, the PUL layer of the scaffold was produced
as a nanosized (264.1 £ 38.8 nm) barrier fiber layer (protective
membrane) with a smaller pore size, and the nanosized pores
are expected to provide the required barrier properties to
effectively block bacterial transmission while achieving optimal
O, and water vapor transport. In in vivo enzymatic degradation
experiments, the PUL/PHBV scaffolds lost approximately 20% of
their body weight after incubation in a lysozyme solution at 37 ©
C for 14 days,* and the degradation of the PUL/PHBV scaffolds
is more suitable for wound-healing-promoting applications;
therefore, this new naturally sourced PUL/PHBV-type bilayered
scaffolds are a promising material for modified wound repair.

In addition, Wang et al.""” prepared poly(y-benzyl-L-glutamic
acid)/poly(lactic acid) (PBLG/PLA) nanofibrous membranes as
a three-dimensional culture matrix for melanoma cells in vitro
and found that compared with PLA nanofibrous membranes,
PBLG/PLA nanofibrous membranes could better support cell
survival and proliferation, showing that PBLG/PLA nanofibrous
membranes promote a tumor-like structure. Bi et al.** prepared

alone. Finally, the absence of cytotoxicity of PO/CO-composite PLA and PLA/PVA/sodium alginate (SA) nanofibrous

Table 5 Brief summary of antimicrobial and antiinflammatory electrospun-fiber-based wound dressings

Polymer matrix Active ingredient Results References

PCL/CS ZnO The double membrane has strong antimicrobial activity, the inner layer is 97
anti-inflammatory, reduces inflammation, stimulates cell migration and re-
epithelialization in the body

HBPE ZnO PAN/HBPE/ZnONP nanofibers exhibit excellent air permeability and good 204
biocompatibility, with a high antibacterial rate of 96%

CG/PAN/PU Ne It has a significant effect on burn wound healing. Drug-loaded CG/PAN/PU/ 103
NE nanofibers heal in a short time

PLGA/SF ART PLGA/SF/ART fiber membrane shortens the inflammatory phase of wounds 110
by promoting the expression of inflammatory factors, which is conducive to
skin regeneration

PLA Cur The composite film exhibits excellent bactericidal and antioxidant 55
properties

Gelatin PO and CO Gelatin nanofibers containing PO, CO or PO/CO all exhibited antimicrobial 11
properties with concentration and had certain antioxidant properties. PO
has good antibacterial activity, while CO has good antioxidant activity

Pullulan and PHBV Fiber promotes cell survival, proliferation, and migration, while promoting 28
the transmission of O, and nutrients. Nanoscale pores provide barrier
properties that effectively stop the spread of bacteria while enabling optimal
0, oxygen and water vapor transport

PLA/PVA SA PLA/PVA/SA nanofiber membranes promote cell adhesion and proliferation, 21
and can reduce inflammatory responses during early wound healing

PLA PBLG PBLG/PLA nanofiber membranes can better support the survival and 116

proliferation of cells
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membranes by ES and carried out a comparative study and
found that PLA/PVA/SA nanofibrous membranes showed
slightly better adhesion and proliferation of rat fibroblasts than
PLA fibrous membranes and reduced inflammatory response
during early wound healing”™ (Table 5 summarizes the main
features of this subsection).

2.2. Electrostatically spun nanofiber wound dressing with
hemostatic, adhesive, and antioxidant properties

Hemostasis occurs at the earliest stage of wound healing.
Hemostatic wound dressings include not only hydrogel dry-
frozen “hemostatic sponges”*®*'®'® and peptide-based hemo-
static collagen scaffolds'® but also electrostatically spun
nanofiber dressings with hemostatic properties that have been
shown to have a positive impact on promoting wound healing.
Studies have shown that hemostasis, as an essential function, is
usually used in combination with other functions."* For
example, combining the adhesive properties of electrostatically
spun nanofibers not only seals the wound to provide hemo-
stasis'! but also seamlessly adheres to the wound site for a long
period, avoiding the potential risk of infection caused by
contact between the wound and the external environment.****>*

Jiang et al.*** first used different concentrations of sodium
hypochlorite (NaClO) to isolate SF to obtain multiscale silk
fibers (MSFs). These MSFs are then implanted into the PLA fiber
membrane by electrospinning to improve hydrophilicity. The
results showed that the MSFs obtained by splitting SF by NaClO
not only improved the hydrophilicity of PLA but also improved
the cytocompatibility, promoted cell proliferation, and did not
cause inflammation. Yao et al.** introduced vascular endothelial
growth factor (VEGF) on the surface of electrostatically spun
fibrous scaffolds of polycaprolactone (e-DA) polymers by UV
photoinitiation using thiol-ene chemistry. Experimental studies
showed that the tensile strength and modulus of elasticity of the
30% PCL-DA fibrous scaffolds were significantly increased
compared with unfunctionalized scaffolds. Coupling with the
VEGF peptide increased the surface-water wettability of the
scaffolds. Experimental studies in vitro and in chicken chorio-
allantoic membrane (CAM) showed that scaffolds functional-
ized with the VEGF peptide induced the phosphorylation of
VEGF receptor and promoted the survival, proliferation, and
adhesion of vascular endothelial cells. It suggests that VEGF-
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peptide-functionalized PCL nanofiber scaffolds
angiogenesis in vivo.

Investigations have shown that wound dressings doped with
antioxidant-rich ingredients can scavenge free radicals from the
wound site and increase the rate of healing.”»”*'** Antioxidants
are substances that help trap and neutralize free radicals,
thereby eliminating the damage caused by free radicals to the
body.**® Therefore, electrostatically spun nanofibers with anti-
oxidant properties can significantly promote wound healing.
Common antioxidants include vitamin C, vitamin E, and
glutathione. Polyphenolic®’*"*'*” antioxidants are one of the
most widely used natural antioxidants with good stability and
storage resistance. Common natural polyphenols such as tea
polyphenols, resveratrol, ferulic acid,***"** curcumin,®®*** and
anthocyanins, as well as some flavonoids, have been loaded into
electrostatically spun nanofibers to play an antioxidant role in
promoting wound healing."**3>

Polyvinylpyrrolidone (PVP) is a nonionic, water-soluble,
high-molecular-weight compound formed by the polymeriza-
tion of N-vinylpyrrolidone monomers. It exhibits excellent
physiological inertness; does not participate in human metab-
olism; and demonstrates remarkable biocompatibility and not
irritating to the skin, mucous membranes, or eyes."** Pusporini
et al.™* demonstrated that blending PVP with green tea extract
(GTE) and subsequent spinning can produce PVP/GTE nano-
fibers with antioxidant activity. Polyethylene oxide (PEO),
a nontoxic and biologically safe substance, has been widely
utilized in the development of composite functional materials
and nanocomposites. Locilento et al.**® utilized the electro-
spinning technique to produce nanofiber membranes
composed of PLA and PEO, with the addition of grape seed
extract (GSE). These membranes exhibited antioxidant proper-
ties and demonstrated effective control over the release of GSE.
Furthermore, the PLA/PEO nanofiber membranes loaded with
GSE displayed excellent hydrophilicity and demonstrated good
biocompatibility with cells (Table 6 summarizes the main
features of this subsection).

promote

2.3. Electrostatically spun nanofiber wound dressing for
drug delivery and controlled release

The porous structure of electrospun nanofibers makes them
naturally suitable for loading various substances and slowly

Table 6 Brief summary of wound dressings for hemostasis, adhesion, and antioxidant electrospun fibers

Polymer matrix Active ingredient Results References
PLA SF Increased hydrophilicity for PLA, improved cytocompatibility, 123
promoted cell adhesion and proliferation, and did not cause
inflammation
PCL VEGF PCL scaffolds functionalized with VEGF peptides were able to 24
induce phosphorylation of VEGF receptors and promote
angiogenesis in vivo
PVP GTE Antioxidant active PVP/GTE nanofibers promote wound healing 133
PLA and PEO GSE GSE with antioxidant properties controlled release, and GSE- 134

loaded PLA/PEO nanofiber membranes have good hydrophilicity
and cytocompatibility
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releasing them at specific locations. Electrospun nanofibers are
widely applied due to their high efficiency in sustained drug
release™® and inherent antibacterial properties.’*” However, as
mentioned earlier, most of the drugs related to antibacterial
and antiinflammatory delivery are antibiotics. Wound healing
also requires cellular interactions between various cell types,
including keratinocytes, fibroblasts, endothelial cells, neutro-
phils, and macrophages, which are regulated by the endoge-
nous release of cytokines and chemokines at the site of the
wound. Therefore, the local delivery of exogenous cells or
cytokines has shown significant advantages in promoting
wound healing.***” In general, biomedical materials should
have the following basic requirements when used in clinical
medicine: they should be nontoxic, noncarcinogenic, and
nonteratogenic, and should show no sudden reaction to human
cells and tissue cells; good compatibility with human tissues
and show no poisoning, hemolysis, coagulation, fever, and
allergic reactions; stable chemical properties and resistance to
the action of antibodies, blood, and enzymes; possess physical
and mechanical characteristics that are compatible with natural
tissues; and specific functions for different purposes. For
example, they can have applications in biomedical nano-
materials such as drug release materials and drug carriers.****°
It is crucial to ensure the safety of the materials to the envi-
ronment and the human body, and simultaneously improve the
encapsulation efficiency (EE) of the contents or loaded
components as protecting their activity and
effectiveness.

Fig. 6 is a simple schematic of a device with controlled drug
release for ES.**° The device mainly consists of a high-voltage
power supply, a nozzle, a drug liquid supply system, and
a collector. In operation, the drug solution is fed into the nozzle
through the drug supply system, whereas the high-voltage
power supply provides a high voltage to eject the drug solu-
tion through the nozzle, and is subjected to electrostatic action
as it is being ejected to form nanoscale fibers. These nanofibers
have a large specific surface area and high porosity, which can
increase the solubility and release rate of the drug, thereby
achieving the controlled release of the drug (Fig. 7).

2.3.1. Classification of ES technology for drug delivery. ES
in drug delivery mainly includes sequential ES,**' synchronized
ES,*** coaxial ES,"* and side-by-side ES*** (Fig. 8 and Table 7).

Sequential ES is the ES of different material solutions or
melts one at a time through a single spinneret on a case-by-case
basis, which can be regarded as multiple replications of the ES

well as
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Fig. 6 Graphical abstract from the article titled "Electrospun ZnO-
loaded chitosan/PCL bilayer membranes with spatially designed
structure for accelerated wound healing” is paraphrased here.
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Fig. 7 Schematic of the controlled release of electrospinning drugs,
from the literature.*°
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(c)Coaxial electrospinning

(d)Side-by-side electrospinning

Fig. 8 Schematic of (a) sequential ES (b) synchronized ES (c) coaxial ES
and (d) side-by-side ES.

of a single material.*** Therefore, sequential ES can be easily
realized from a variety of materials using the same experimental
setup and process parameters as conventional ES."** A major
disadvantage of sequential ES is poor interfacial bonding
between the layers of different materials. The controlled release
of drugs is used to regulate the release of single drugs, as well as
the co-delivery of multiple drugs.

Simultaneous ES,”> sometimes referred to as co-ES, refers to
the simultaneous ES of nanofibers of different materials
stacked on top of each other using two or more spinnerets on
a single collector to achieve an integrated fiber structure.'*®
When multiple jets are simultaneously ejected from different
spinnerets, the interaction of external electric fields and
Coulomb repulsion between the jets usually results in unstable
and irregular paths of the jets, which makes it difficult to ach-
ieve the desired fiber structure.' Synchronized ES is suitable
for more selective material systems. Thus, these well-mixed
fiber structures produce more biomimetic scaffolds by
mimicking multiple features of the natural ECM and inte-
grating multiple drug-carrying fibers for co-delivery.

Coaxial ES technology is the most widely studied. Coaxial ES
employs a coaxial nozzle, consisting of two or more concentri-
cally nested needles supplied by solutions or melts of different
materials,*” to synthesize multiple fluids into one-dimensional
nanostructures with different morphologies. It is capable of
forcing materials without filament-forming properties into one-
dimensional structures or producing high-quality nanofibers
from poorly spinnable polymers. The main disadvantage of
coaxial ES is the limited choice of material pairs that can be
used to prepare high-quality core-shell fibers. Fine-tuning of
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Table 7 Comparison of sequential electrostatic spinning, synchronized electrostatic spinning, coaxial electrostatic spinning and side-by-side

electrostatic spinning

Sequential electrostatic

Synchronized electrostatic

Coaxial electrostatic

Side-by-side

Categorization spinning spinning spinning electrostatic spinning
Schematic _
diagram of fiber L
morphology
Advantages Builds multi-layer fiber Construction of hybrid Construction of fibers with Construction of Janus
structures: adapts to fiber structures; different morphologies; fibers; making fiber
a variety of materials; no independent of making fibrous structures structures out of non-
equipment modifications compatibility with different out of non- electrospinnable
required materials electrospinnable materials materials
Disadvantages Poor contact surface The collector needs to Small range of material Janus structures are of
bonding avoid interactions options low quality
Applications Multifunctional scaffolds; Multiple characterization Multiple characterization Amphiphilic
modulation of single drug scaffolds; multidrug scaffolds; single drug applications
release profiles delivery release; multi-drug co-
delivery
References 115 116 117 118

the drug release profiles through shells that act as buffers,*® as
well as the co-delivery of multiple drugs with independent
controlled release behavior, offers greater potential for tissue
engineering and drug delivery applications.**

In side-by-side ES,™* Janus fibers are fabricated by using
a spinneret having two or more parallel-needle arrangements in
which each side of the structure can be individually designed on
the basis of the chemical composition and function. Side-by-
side ES also allows for the treatment of nonspinnable fluids
with ES fluids to build Janus-structured nanocomposites.
However, ES solutions can easily mix, resulting in the inability
to produce well-defined Janus fibers.””'** To date, Janus fibers
have been widely used in adjustable single-drug-release profiles
or controlled multidrug delivery by doping drug active ingre-
dients into both sides of the Janus structure.**

Alves et al.*" successfully prepared drug-loaded PLA fibers
using the electrospinning technique, with acetic acid dexa-
methasone (DEX) or betamethasone 17-valerate (BET) as the
corticosteroids. PLA/BET and PLA/DEX electrospun films
exhibited promising drug release properties for sustained
release in local applications, thus providing a potential drug
delivery system.

Glycyrrhizoidoic acid (GA),"*® a natural product of the genus
Glycyrrhizae, is a novel mitochondrion that targets ligands and
improves mitochondrial permeability and enhances mito-
chondrial drug uptake. GA-functionalized nanocarriers have
also shown low toxicity, suggesting that it could be a useful tool
for drug delivery. Cacciotti et al'® prepared 18-beta-
glycyrrhetinic acid (GA)-nanoparticle-loaded chitosan and pol-
y(lactic acid-glycolic acid copolymer)-based nanoparticles (GA-
NPs) as well as poly(lactic acid) fibers (GA-FBs) to compare the
release behaviors of free and encapsulated GA in two different
biopolymer delivery systems to ensure the controlled release of
GA in vitro. MTT assays demonstrated that no cytotoxic effects
on regular human gingival fibroblasts (HGFs) were observed.

3368 | RSC Adv, 2024, 14, 3359-3378

On the other hand, GA-NPs and GA-FBs increased the toxic
effects on human oral squamous cell carcinoma (PE/CA-PJ15)
cells in vitro. The specific effect of GA on PE/CA-PJ15 cells was
mainly due to the different sensitivity of cancer cells to reactive
oxygen species (ROS) overproduction; GA-NP and GA-FB prep-
arations increased the toxic effects on oral cancer cells in vitro.
Therefore, FBs can be considered for the treatment of local
manifestations of systemic diseases (i.e., blistering diseases,
oral lichen planus, and aphthous ulcers), as there is no need for
the drug to penetrate the oral mucosa.

Locilento et al.*® prepared nanofibrous membranes based
on PLA and PEO with GSE by the ES technique with antioxidant
properties and well-controlled release of GSE, and PLA/PEO
nanofibrous membranes loaded with GSE had good hydrophi-
licity and good cytocompatibility. Goreninskii et al.*** used ES to
form PCL/PVP scaffolds with hexafluoroisopropanol as
a solvent, which had extreme hydrophilicity and high cellular
activity. The PVP-containing materials exhibited enhanced
initial release. Because of the good solubility of proteins, drugs
and other bioactive compounds in this solvent, the fabrication
of PCL/PVP scaffolds using HFIP expands their application in
drug delivery systems.

Yang et al.*>® developed a detachable triaxial spinneret to
direct three ES fluids for the preparation of a series of nucle-
osheath nanostructures. The three fluids used for ES consisted
of a common solvent (outer fluid), an electrospinnable dilute
cellulose acetate (CA)'** solution (intermediate fluid), and an
electrospinnable ibuprofen-methanolysin solution (inner
fluid), which led to the formation of an ibuprofen/methanolysin
amorphous solid dispersion coated with a thin layer of CA, and
the thickness of the coating could be adjusted by precisely
adjusting the CA concentration of the intermediate solution.
Experimental results show that single ibuprofen/myristolol
protein fibers produce an initial burst release, but this release
is eliminated in systems with CA coatings, and this tunable way
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of precisely manipulating drug release provides a new approach
for the development of advanced functional nanomaterials,
which can be controlled by the process nanostructure in triaxial
ES property relationship to control their performance. Kyziot
et al.'® developed a novel method for the fabrication of SA
nanofibers loaded with ciprofloxacin hydrochloride (CpHCI)
under the presence of PEO and Pluronic F-127 surfactant. The
experimental findings indicate that approximately 24% of
CpHCI is released from alginate fibers within the first 20 h,
exhibiting an overall loading efficiency of 51% for the investi-
gated antibiotic.

2.3.2. Multiple drug delivery. During the healing process of
wounds, the heterogeneity of the wound site and the develop-
ment of resistance after long-term use may render monotherapy
delivery systems insufficient for clinical practice.’ In order to
overcome chemical resistance, the combined use of multiple
drugs with different modes of action is necessary to achieve
a synergistic effect. Additionally, a localized drug delivery
system is required to inhibit multidrug resistance and mitigate
more severe toxicity.”” Nanofibers encapsulating drugs present
an optimal carrier for the delivery of dual drugs,***"*** without
the occurrence of uncontrolled release. Furthermore, they
surpass the limitations of traditional drug-polymer combina-
tions by allowing for the placement of multiple drugs within
one or two layers possessing distinct polymer, chemical and
physical characteristics, thereby achieving the desired release
behavior.”

Dual drug-carrying drug delivery scaffolds
ES technology adds new dynamics by fabricating multilayered
nano- and microsized fibers."”®® These techniques offer the
possibility of forming fibers with features such as co-bonding,
reinforced cores, and porous and hollow structures. Unique
fabrication processes can be used to tailor the mechanical
energy, biological, and release of various factors that may be
useful in various controlled drug delivery applications. Utilizing
these advantages, various polymers and their combinations
have been explored in many drug delivery and controlled release
applications.

Ma et al.**® successfully prepared PLA/SF nucleosheath fibers
containing diclofenac sodium as a steroidal antiinflammatory
drug and ZnONPs by coaxial ES. Their results showed that the

147 and multiaxial
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initial release concentration was reduced, and the cumulative
drug release rates of the nucleosheath fibers were 48.8% and
72.6% at 100 and 600 min, respectively, which showed signifi-
cant slow-release antimicrobial effects and could be used for the
prevention of wound infections (Table 8 summarizes the main
features of this subsection).

2.4. Self-healing and stimulus-responsive electrostatically
spun nanofiber wound dressing

2.4.1. Self-healing fiber membrane. A self-healing fibrous
membrane (SFM) exhibits a porous structure and self-repair
ability in a particular material.*® Unlike nonporous self-
healing materials, SFM - with its more complex repair mecha-
nism and microstructure — can introduce self-healing charac-
teristics into porous fibrous membrane materials.*®

Zhu et al.*** developed intrinsic self-healing thermochromic
fiber membranes (STFMs) with biomimetic-constrained
protective structures. The self-healing fibers mainly consist of
synthesized polydimethylsiloxane-based polyurea (PDMS-PUa),
known as the original STFMs. A “closed protective layer”
composed of polyacrylic acid (PAA) and branched poly-
ethyleneimine (bPEI) is self-assembled onto the shell of the
original STFM. This protective layer prevents supramolecular
interactions between PDMS-PUa and ensures the stability of the
inherent morphology of the STFMs. By introducing thermo-
chromic microcapsules into the system, the resulting fiber
membrane exhibits the thermochromic functionality. Further-
more, without the use of external adhesives, the surface
chemical structure of the fiber membrane can be further
adjusted by utilizing hydrogen bonds formed at the interfaces
between different functional layers to assemble electronic skin
sensors. The artificial electronic skin demonstrates self-healing
capabilities without external stimuli, offering new directions for
the field of biomimetic and advanced flexible electronic skin.'*

2.4.2. Stimuli-responsive wound dressing.  Stimuli-
responsive polymers (SRPs) have attracted a great deal of
attention from the scientific community because of their
unique ability to change their properties in response to external
stimuli.** Stimulated nanofibers are materials that can release
bioactive substances at the wound site to promote wound
healing. This material can be used to achieve a variety of

Table 8 Comprehensive compilation of electrospun nanofiber wound dressings for drug delivery and controlled release

Polymer matrix Active ingredient Results References
PLA DEX and BET PLA/BET and PLA/DEX electrospun membranes provide sustained 144
drug release for topical applications
CS GA GA-NPs and GA-FBs have toxic effects on PE/CA-PJ15 cells 145
CA Ibuprofen-gliadin Monoibuprofen/gliadin fibers with CA coating completely eliminate 148
solution the initial burst release, precisely manipulating the drug release
PEO CpHCI CpHCl releases the studied antibiotic from alginate fibers within the 102
first 20 hours with a final loading efficiency of 51%
PLA/SF ZnO NPs PLA/SF fibers, with reduced initial release concentration, have 151

a sustained release effect, improved antibacterial properties, and
good cytocompatibility, which can be used to prevent wound

infection
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therapeutic effects such as promoting skin regeneration,
reducing pain, and inhibiting infection by controlling the rate
and manner of release. Currently, many stimulating nanofibers
are used for wound therapy. Some of the most common stimuli
are light,'**'** temperature,'*>'*® and pH.'*” If an inflammatory
reaction occurs during the wound-healing process, the patho-
logical manifestations are redness, swelling, heat, pain, and so
on, in which heat is an indication of increased temperature;
therefore, the body temperature at the wound will be higher
than other centers. On the basis of the relatively common
normal physiological temperature of 37 °C of the human body,
heat-sensitive materials used in electrostatically spun nanofiber
wound dressings generally exhibit a low critical dissolution
temperature (LCST) near the physiological temperature.'®®

As an alternative antimicrobial method, photodynamic
therapy (PDT),’* which has recently attracted considerable
attention, utilizes photosensitizers (PSs) to produce highly
bactericidal ROS in the presence of light and oxygen.

v-PGA,"® also known as poly-y-glutamic acid, is a peptide
molecule synthesized through the amide bond polymerization
of the monomers of L-glutamic acid and p-glutamic acid.'” Its
main chain consists of numerous peptide bonds and carboxyl
groups. y-PGA is a natural anionic biopolymer that exhibits
excellent moisturizing and water-absorbing properties.'”> Due
to its outstanding biocompatibility and biodegradability, it has
found wide applications in the fields of drug delivery, wound
dressings, and tissue engineering. Sun et al.'”® prepared an
electrospun nanofiber scaffold composed of y-PGA and
a cationic photosensitizer, namely, 5,10,15,20-tetra(1-
methylpyridin-4-yl)porphyrin tetra(p-toluenesulfonate), which
was chemically crosslinked for stability. This scaffold demon-
strates excellent cytocompatibility and antibacterial properties,
as it utilizes the PS to generate highly bactericidal ROS under
oxygen presence and light irradiation.

Tao et al.®® conducted a study and observed that the abun-
dance of aromatic rings in mesoporous polydopamine nano-
particles (PDANPs) enables the loading of a substantial amount
of drugs through m-m stacking and/or hydrogen-bonding
interactions. These loaded drugs can be released upon expo-
sure to near-infrared laser irradiation.
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Han et al."’* developed the first self-incinerating polymer
(SIP) nanofiber membrane in which self-incineration could be
triggered by an external stimulus. Electrostatically spun SIP/
PAN fibers provided depolymerization 25 times faster and
were more responsive (i.e., incineration) than cast membranes
under triggering conditions. The depolymerization of SIP in the
SIP/PAN co-blended fibrous membranes resulted in a shift in
surface properties from hydrophobic (~110°) to hygroscopic
(~0°). The triggered release of encapsulated functional mole-
cules was demonstrated using coaxial electrostatically spun
fiber membranes made of SIP/PAN co-blended sheaths and
PVP/dye cores. The coaxial fiber with a SIP/PAN sheath provided
a minimal release of the encapsulated material in a non-
triggered solution, whereas it immediately released the encap-
sulated material when the triggering condition was met. The
versatility is enhanced compared to non-SIP coaxial fibers,
which do not trigger a response due to external stimuli (Table 9
summarizes the main features of this subsection).

2.5. Electrospun nanofiber dressings for exudate
management and wound-monitoring functions

2.5.1. Electrostatically spun nanofiber dressing with
exudate management function. Excessive wound exudate in
clinical treatment can impede the wound-healing process.'*®
The healing of wounds may be influenced by the pH of the
wound or the pH of the wound exudate present in the wound.
Healthy skin typically has a pH within the acidic range between
~4.0 and 5.7.*° In damaged wounds, particularly in cases of
chronic wounds or infected wounds, alkaline pH can often be
observed in the wound or the wound exudate. The pH of the
wound exudate can be measured, for instance, through in vitro
measurements.'®” The transition from acidic to alkaline pH can
be caused, for example, by bacterial proliferation or the devel-
opment of necrosis.'”

When damaged skin is in the inflammatory phase, histamine
increases the capillary permeability, leading to excessive exudate
production from the wound.'”® Excessive wound exudate tends to
lead to severe infection, which, in turn, hinders the wound-
healing process.””” Although the widely used hydrophilic wet
dressings have some wound exudate absorption function, when

Table 9 Main summary of self-healing and stimulus-responsive electrospun nanofiber wound dressings

Polymer matrix Active ingredient Results

References

¥-PGA TMPyP

vY-PGA-TMPyP nanofiber mats show good cytocompatibility and

131

antimicrobial properties using photosensitizers to produce highly
bactericidal reactive oxygen species (ROS) in the presence of oxygen
in the presence of light

PEGDA Cur

Under NIR laser irradiation, the concentration of released Cur 78

increased dramatically, showing a concentration gradient-dependent

drug diffusion

PAN SIP

Fiber membranes containing SIPs in the triggering solution achieved

a triggered release of encapsulated functional molecules. The SIP-
containing fiber membrane in non-triggering solution provides
minimal release of the encapsulated material. And when the trigger
condition is met, it releases the encapsulated material immediately
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the wound exudate is excessive or is not removed in time, the wet
dressings are prone to become a source of contamination,
resulting in the hydration and infection of the wound tissue.**
For this reason, electrostatically spun nanofiber dressings with
the function of absorbing or pumping the wound exudate have
emerged. Yang et al.'”® added e-polylysine (EPL) as a low-cost and
safe natural antimicrobial agent to hyaluronic acid (HA) nano-
fiber dressings, and the prepared EPL/HA composite nanofiber
mats were extremely hydrophilic, absorbing 26.3 times its own
mass of wound exudate. However, the hydrophilic-absorbent
dressing made it difficult to retain the exudate, especially
under pressure, and was prone to rewet the wound.

Researchers electrospun hydrophobic substances onto
a hydrophilic fiber network to construct a self-pumping
dressing with a biofluid pump that unidirectionally drains
excess biofluid from the hydrophobic side to the hydrophilic
side, preventing the biofluid from wetting the wound, which is
referred to as a “self-pumping dressing”,**” and has promising
potential in wound exudate management.****** In contrast to
hydrophilic dressings, self-pumping dressings prevent rewet-
ting of the wound while managing the wound exudate.
Currently, the construction of hydrophilic/hydrophobic asym-
metric (Janus) structures’ is an important method for the
preparation of self-pumping exudate management dressings."””
The Janus structure confers different properties to each side of
the material, such as hydrophilicity on one side and hydro-
phobicity on the other. This asymmetric wettability allows the
transport of liquid from the hydrophobic layer to the hydro-
philic layer and prevents exudate from flowing back from the
hydrophilic layer to the hydrophobic layer."

Shi et al'®* who electrostatically spun a hydrophobic PU
nanofibrous membrane on the surface of cotton medical gauze
found that PU/cotton dressings could exclude excessive wound
exudate from the wound by a self-pumping action and showed
faster healing than conventional dressings. In addition to the
micro-/nanofiber-composite-based Janus self-pumping
dressing, researchers also developed a pure nanofiber Janus
self-pumping dressing with antimicrobial properties.

Qi et al.*®** embedded the macromolecular antimicrobial
agent poly(hexamethylene guanidine hydrochloride) (PHGC)
into multilayered nanofiber membranes (polyurethane/
polyacrylonitrile/sodium polyacrylate PU/PAN/SPA) with
a hydrophobic/hydrophilic gradient structure and self-
pumping effect by ES to prepare unidirectional water-
transporting antimicrobial wound dressings. It was found
that when the mass fraction of PHGC was 0.06%, the
dressing could achieve nearly 100% antimicrobial activity
against E. coli and S. aureus. Yang et al.*® fabricated Janus
membranes based on hydrophilic PVP and hydrophobic
ethylcellulose (EC) polymers by side-by-side ES and prepared
antimicrobial wound exudate management dressings by
loading ciprofloxacin (CIP) and AgNPs on the PVP side and
the EC side, respectively. It was found that when the PVP side
was dissolved, the CIP was rapidly released to Kkill the
bacteria, and at the same time, due to the insolubility of EC
and AgNPs, the EC/AgNP side could play an antimicrobial
role when the Janus fibers were in contact with the wound

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exudate. The development of Janus electrostatically spun
nanofiber dressings that combine wound exudate manage-
ment with the antimicrobial function will be an effective way
to address wound overhydration and bacterial infection.

2.5.2. Electrostatically spun nanofiber wound dressing for
wound monitoring. The healing of wounds is a complex
process, and various parameters in the vicinity of the wound are
constantly changing.*’ This necessitates the implementation of
additional strategies for wound management and monitoring.
Wound monitoring using electrospun nanofibers typically
involves three components: sensors, drug delivery, and support
structures.”*'*> When applied to wound monitoring, sensors
can detect parameters such as wound temperature, humidity,
and pH, and transmit these data to external devices for analysis
and processing.'®'®® When applied to wound treatment,
nanofibers can release drugs, promoting wound healing and
preventing infection.'®*'%

Currently, the effectiveness of wound care primarily relies
on (semi-)blind assessment methods,*® which involve visually
observing the wound to judge its healing status. However, this
approach is unable to provide an accurate assessment of
wound healing, and the frequent removal of dressings can
lead to secondary damage and cause pain to patients.'®®
Therefore, researchers have increasingly paid attention to the
incorporation of sensors or stimuli-responsive materials into
dressings, which provide real-time monitoring and diagnostic
capabilities with respect to wounds.'®> A variety of physical,
chemical, or biological markers have been loaded into
nanofiber dressings that can be used to monitor indicators
such as bacteria, pH, temperature, ROS, and blood glucose at
the wound site.'®”**° The information provided by the detec-
tion metrics can enable clinicians to monitor the wound
status in real time and provide patients with optimal wound-
care protocols. Singh et al.*®* designed a medical dressing
(TH-WD) for the simultaneous monitoring and treatment of
bacterial infections. TH-WD consists of a blend of PU, the
antimicrobial agent ciprofloxacin precursor (Pro-Cip), and
hemicyanin reactive dyes (H-Cy), and is prepared via the ES
technology. When encountering a bacterial infection, TH-WD
releases H-Cy and hydrolyzes Pro-Cip to ciprofloxacin, and the
wound undergoes a color change from yellow to green to red,
enabling rapid wound monitoring and care. Furthermore,
Gong et al.** utilized electrospinning technology to fabricate
a nanofiber membrane composed of conductive patterns and
a load of moxifloxacin hydrochloride (MOX) thermosensitive
polymer, known as the Smart Conductive-Polymer Nanofiber
Hydrogel Membrane (SC-PNHM). This membrane enables the
real-time monitoring of wound temperature: an infection
leads to an increase in the wound temperature. Once the
temperature rises, the thermal-responsive fibers are triggered
to release MOX, effectively eliminating the bacterial infection.
Combining the monitoring sensor with electrospun nano-
fibers, the development of nanofiber dressings with wound-
monitoring capabilities has emerged as a new trend in the
field of medical materials (Table 10 summarizes the main
features of this subsection).
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Table 10 Key summary of electrostatically spun nanofiber dressings with exudate management and wound monitoring features

Polymer matrix Active ingredient Results

References

HA EPL

EPL/HA composite nanofiber pads are extremely hydrophilic and

136

can absorb 26.3 times their own mass of wound exudate

PU Cotton medical gauze

Absorbs excess wound exudate from the wound through a self-

139

pumping action and demonstrates faster healing than
conventional dressings

LA IBU

Photothermal antimicrobial and synergistic antimicrobial

142

properties of NIR irradiation. Janus nanofiber dressings have
asymmetric wettability for targeted water transport to drain
excess wound exudate

PU/PAN/SPA PHGC

Unidirectional water delivery properties that drive the

140

spontaneous flow of wound exudate from the inside out. Powerful
antimicrobial capabilities

PVP and EC CIP and AgNPs

When the PVP side is dissolved, CIP is rapidly released to kill

141

bacteria, while the EC/AgNPs side can still exert antimicrobial
effects when Janus fibers come into contact with wound exudates
due to the insolubility of EC and AgNPs

PU Pro-Cip

When bacterial infection is encountered, TH-WD releases H-Cy

150

and hydrolyzes Pro-Cip to ciprofloxacin, and the wound
undergoes a color change from yellow to green to red, enabling
rapid wound monitoring and care

Heat-responsive MOX

polymers

Enables real-time monitoring of wound temperature, and
infection causes an increase in wound temperature, which

triggers the release of MOX from thermo-responsive fibers to
eliminate bacterial infection

2.6. Refractory wound dressing

Difficult-to-heal wounds, also known as chronic wounds, refer
to the condition where wounds are unable to heal or heal slowly
due to various reasons. This is considered to be a significant
public health issue that severely affects both health and quality
of life.*> Acute wounds typically heal within 2 to 4 weeks,
whereas chronic wounds fail to fully heal even after subjected to
standard care for 4 weeks.'”®

Common chronic wounds include burns, lower extremity
venous ulcers (VLUs),">'* pressure ulcers (PUs),"** diabetic foot
ulcers (DFUs),"* and ischemic ulcers (IUs),*** which continue to
present a daunting challenge to clinicians and researchers
alike.*”

2.6.1. Burns. Burn injury refers to tissue damage caused by
external stimuli such as high temperatures, electric currents,
strong radiation, or chemical substances.'® It is a catastrophic
trauma that can result in long-term residual effects and func-
tional impairments even after healing. Consequently, the
healing process of burn wounds is challenging and requires the
implementation of effective measures to minimize the impact
of injury as well as promote healing."®

The utilization of electrospun nanomaterials to facilitate the
healing process of burn wounds is a subject of significant
interest. Electrospun nanomaterials can be fabricated into
various forms according to specific application requirements,
allowing for a tailored selection based on factors such as burn-
related wound size and severity.”” Furthermore, these nano-
materials possess diverse properties that can be harnessed to
achieve distinct functionalities, such as promoting cell growth,
enhancing cell adhesion, or facilitating cell proliferation. Of

3372 | RSC Adv, 2024, 14, 3359-3378

utmost importance, these nanomaterials exhibit excellent
biocompatibility, ensuring their safe implementation.>**

Pandey et al.***> developed a novel composite electrostatically
spun nanofiber antimicrobial dressing (PVP-Ce-CurNF) con-
sisting of PVP, cerium nitrate hexahydrate (Ce(NOs);-6H,0),
and curcumin for addressing burn-related wound infection and
scar formation. In the experiment, a PVP-Ce-CurNF dressing
was directly applied to a full circular excision wound in rats. It
showed complete healing and reepithelialization within 20 days
without any scarring.

Hadisi et al.** investigated the preparation of a novel wound
dressing made of HA-filiprotein/ZnO nucleosheath structure
nanofibers for the treatment of burns. ZnO, the nuclear fluid
antimicrobial agent in the core-sheath structure, can be
continuously released and also maintain its biological activity.
The results of in vivo studies showed that loading 3 wt% of ZnO
in a wound dressing significantly improved the wound-healing
process and significantly reduced the inflammatory response at
the wound site.

2.6.2. Diabetes. Diabetes is a chronic disease characterized
by elevated blood sugar levels due to insufficient insulin
secretion or decreased response to insulin.””® As the population
ages, the excessive intake of various sugars in daily life leads to
an increase in the obese population, and the prevalence of
diabetes continues to rise each year.>** For instance, approxi-
mately one-quarter of diabetes patients suffer from foot ulcers,
with 10-20% of such cases resulting in lower-limb amputation.
The treatment of diabetes trauma has become one of the major
challenges of the global medical system.'**'*”

In diabetic trauma, macrophage polarization from proin-
flammatory (M1) to antiinflammatory (M2) types becomes very

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 11 A major summary of refractory wound dressings
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Polymer matrix Active ingredient

Results

References

PVP
HA-SF

CurNF
ZnO

Addresses infection and scar formation in burn wounds

ZnO can continuously release and maintain its bioactivity, 3 wt% ZnO

wound dressing significantly improved the wound healing process and
reduced the inflammatory response at the wound site for the treatment

193
90

of burns

PLLA QCS and BP

Using BP to convert NIR radiation into heat and stimulate oxygen release

201

from Hb. QCS is a hemostatic and broad-spectrum antimicrobial
material. Photothermal therapy increases bacterial susceptibility to QCS
and has great potential for diabetic wound healing

miR-92a

Release of anti-miR in diabetic ulcers has efficacy in promoting

202

endothelial cell angiogenesis and overall healing

PEO/CS/PVP Vancomycin/

imipenem/cilastatin
wounds

difficult due to the specific high-glucose environment that
interferes with the physiological process of wound healing.>*
Large numbers of M1 macrophages accumulate at the trauma
site, releasing proinflammatory cytokines such as tumor
necrosis factor (TNF-a)*** and producing ROS.>* Diabetes mel-
litus — because of the specificity of the condition - considerably
increases the rate of infection in chronic wounds, leading to
a prolonged inflammatory phase and vasculopathy, which
ultimately leads to difficult-to-heal wounds and increasing the
risk of infection: therefore, it creates a vicious circle. It is very
probable to cause a variety of complications, including cardio-
vascular and cerebrovascular diseases,?” renal diseases,*** and
retinopathy,
and organs throughout the body.

Diabetic skin injury (DSI)** usually occurs on the legs and
feet, referred to as the “diabetic foot.” The wound-healing
process in DSI can last for more than 12 weeks; often, this
process can be impeded by a harsh hypoxic microenvironment
(HME), which consists of a range of endogenous and exogenous
factors, such as localized hemorrhage, bacterial infection, and
microangiopathy-hypoxia feedback loops.

Zhao et al.>* used charged quaternized chitosan (QCS) and
HA to self-assemble black phosphorus (BP) nanosheets and
hemoglobin (Hb) in a layer-by-layer manner onto electrostati-
cally spun poly(L-propylene-alpha-lipoic acid ester) (PLLA)
nanofibers. Hb is a natural oxygen carrier with excellent ther-
moresponsiveness. On the basis of NIR-assisted oxygen delivery
combined with biopolymer bioactive properties, BP was utilized
to convert NIR radiation into heat and stimulate oxygen release
from Hb. QCS is a hemostatic and broad-spectrum antimicro-
bial material. Photothermal therapy increases the bacterial
susceptibility to QCS and has great potential for diabetes-
related wound healing.

Berger et al*' assembled nanofiber coatings containing
anti-miR by ES to package and control the release of anti-miR-
92a (92ai). Experimental tests showed that the dressing of
92ai enhanced healing and the release of anti-miR from the
dressing exhibited efficacy in promoting endothelial cell
angiogenesis and overall healing in a relevant model of diabetic

208 as well as affect the function of various tissues

© 2024 The Author(s). Published by the Royal Society of Chemistry

Nanofiber dressings can be used as a suitable drug delivery device for 71
diabetic foot ulcer infections in clinical care, as well as for other chronic

ulcers. Davani et al.*® adopted ES to prepare a coating consisting
of PEO, chitosan, and vancomycin shells and PVP, gelatin, and
imipenem/cilastatin of novel core-shell double-drug delivery
nanofibers. The results showed that the nanofiber dressing
exhibited significant antimicrobial activity against S. aureus,
methicillin-resistant S. aureus (MRSA), and Pseudomonas aeru-
ginosa (Gram-negative bacteria) without cytotoxicity. It can be
used as a suitable drug delivery device for DFU infections in
clinical practice, as well as for other chronic wounds*'®* (Table 11
summarizes the main features of this subsection).

3. Conclusions and prospects

At present, with the demand for a healthy and comfortable life,
the research of ES as wound dressing has made great progress
in ES technology and material design, but in order to meet the
needs of specific biomedical needs, multifunctionally coordi-
nated and facilitated wound dressings with certain advantages,
both multifunctional and precisely prepared as mentioned
before, such as antimicrobial, antiinflammatory, antioxidant,
controlled drug release, impulse response, wound exudate
management, wound monitoring, and other multifunctional
nanofiber dressings will be the main research direction in the
future. Research on burn-related wound healing and diabetes-
related wound healing in recent years is also presented. Func-
tional electrostatically spun nanofiber dressings provide a suit-
able microenvironment for wound healing.

Although electrostatically spun nanofibers show good
potential for wound therapy, more practical studies and exper-
imental proof are still needed. Electrostatically spun nano-
fibrous membranes have structural advantages, but
electrostatically spun nanofibers still need to consider a series
of problems such as the interference of nozzle and recycling-
agent evaporation during spinning, solvent toxicity, and fiber
deposition uniformity. Therefore, there are still significant
challenges in the selection of suitable polymers and solvents
and the optimization of existing spinning technologies to ach-
ieve stable, safe, and large-scale greening of nanofiber dressings
for preparation and application. The further development of
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efficient electrostatically spun multifunctional dressings still
needs to be urgently addressed.

In the future, with the continuous development and
improvement of nanotechnology, it is believed that functional
nanofibers and electrospun nanofibers will be more widely used
in the field of biomedicine.
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