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Extracellular Matrix-Bioinspired Anisotropic Topographical
Cues of Electrospun Nanofibers: A Strategy of Wound
Healing through Macrophage Polarization

Hyeonseo Park,, Tejal V. Patil,, Sayan Deb Dutta,, Jieun Lee,, Keya Ganguly,,
Aayushi Randhawa,, Hojin Kim,, and Ki-Taek Lim*

The skin serves as the body’s outermost barrier and is the largest organ,
providing protection not only to the body but also to various internal organs.
Owing to continuous exposure to various external factors, it is susceptible to
damage that can range from simple to severe, including serious types of
wounds such as burns or chronic wounds. Macrophages play a crucial role in
the entire wound-healing process and contribute significantly to skin
regeneration. Initially, M1 macrophages infiltrate to phagocytose bacteria,
debris, and dead cells in fresh wounds. As tissue repair is activated, M2
macrophages are promoted, reducing inflammation and facilitating
restoration of the dermis and epidermis to regenerate the tissue. This
suggests that extracellular matrix (ECM) promotes cell adhesion,
proliferation, migrationand macrophage polarization. Among the numerous
strategies, electrospinning is a versatile technique for obtaining
ECM-mimicking structures with anisotropic and isotropic topologies of
micro/nanofibers. Various electrospun biomaterials influence macrophage
polarization based on their isotropic or anisotropic topologies. Moreover,
these fibers possess a high surface-area-to-volume ratio, promoting the
effective exchange of vital nutrients and oxygen, which are crucial for cell
viability and tissue regeneration. Micro/nanofibers with diverse physical and
chemical properties can be tailored to polarize macrophages toward skin
regeneration and wound healing, depending on specific requirements. This
review describes the significance of micro/nanostructures for activating
macrophages and promoting wound healing.
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1. Introduction

The skin, which covers the body’s sur-
face, is the most significant protective bar-
rier against physical and chemical dam-
age. They can regenerate to some extent
when subjected to minor injuries. How-
ever, in cases of severe damage where self-
regeneration is not possible, more effective
treatments are necessary because failure to
treat such injuries can lead to mortality.[1,2]

Scaffolds play a fundamental role in
numerous applications of regenerative
medicine and tissue engineering by pro-
viding an optimal matrix for cell growth,
proliferation, and differentiation, thereby
enabling the restoration and improvement
of tissue function. In the field of skin
tissue engineering, scaffolds have been
extensively researched for their capac-
ity to deliver drugs to wound sites.[3,4]

A desirable scaffold for wound healing
should possess appropriate physical and
mechanical properties, as well as an excel-
lent physiological microenvironment that
enables cell adhesion, proliferation, and
differentiation. Additionally, the scaffold
should exhibit a high degree of porosity, a
significant surface-area-to-volume ratio, an
interconnected geometric framework, and

sufficient flexibility to adapt to the morphology of the wound. Fur-
thermore, scaffolds should maintain a moist environment to fa-
cilitate the attachment, proliferation, and migration of cells, stim-
ulate angiogenesis, and promote the formation of new tissue.[5]

The morphology and size of the scaffolds are intimately linked
to cellular behavior. Hence, the development of scaffolds that
emulate the extracellular matrix (ECM) and enable the intricate
cellular mechanisms implicated in the creation of new tissue
is a primary objective of tissue engineering.[6,7] The composi-
tion of the ECM varies among different tissues but typically con-
sists of fibers with diameters ranging from a few micrometers
to several hundred nanometers.[8] Nanostructures are character-
ized by their nanoscale dimensions and are used in tissue engi-
neering to improve their mechanical and biological performance.
The small size of nanoparticles rivals that of peptides and small
proteins.[9,10] They can easily diffuse across membranes and
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Scheme 1. Schematic representation of utilization of natural biomaterials for electrospun micro/nanofibers and their effect on modulating macrophage
polarization toward skin tissue regeneration.

facilitate cellular uptake. Additionally, they can be custom-
designed with specific sizes and surface characteristics for vari-
ous purposes without being limited to predefined sizes.[9] There-
fore, the fabrication of nanofiber mats with adjustable diameters
using electrospinning is convenient and enables the production
of scaffolds that closely mimic the ECM. These electrospun scaf-
folds have a high potential to promote skin wound healing.[8]

Macrophages are essential immune-regulatory cells that are
critical to wound healing. They contribute to wound healing by
not only exerting antimicrobial actions and delaying wound clo-
sure to eliminate potential pathogens, which can lead to pro-
longed inflammation and increased scarring but also by re-
solving inflammation and initiating tissue remodeling and re-
generation after pathogen clearance. They modulate the pro-
cess of wound healing by transitioning from pro-inflammatory
(M1-like phenotype) to anti-inflammatory (M2-like phenotype)
states.[11,12] Macrophages secrete growth factors such as epider-
mal growth factor, keratinocyte growth factor, and tumor growth
factor-𝛼 (TGF-𝛼). These growth factors promote the prolifera-
tion of fibroblasts and keratinocytes and the production of col-
lagen and other ECM proteins, promoting granulation and re-
epithelialization of the wound. Additionally, macrophages bal-
ance the secretion of proangiogenic and antiangiogenic signals to
facilitate neovascularization and scar resolution in wounds.[12,13]

Macrophages are found throughout all phases of wound heal-
ing and are more abundant than other inflammatory cell types.
Macrophage depletion can lead to significant alterations in the
form of impaired wounds, prolonged healing time, reduced

neovascularization, and impaired closure function.[14,15] Alter-
natively, inappropriate activation of macrophages in fibrotic or
chronic non-healing wounds can lead to adverse outcomes.[13]

Moreover, if tissue remodeling processes are not effectively con-
trolled, there is a risk of tissue-destructive fibrosis owing to
persistent inflammation and maladaptive repair processes.[16]

Therefore, fabricating ECM-based scaffolds and nanofibers us-
ing biocompatible materials to induce macrophage function is a
promising technological approach for promoting wound healing
Scheme 1.

As shown in the scheme, this review will focus on skin tis-
sue regeneration and summarize and discuss the macrophage re-
sponse of micro/nano-electrospun fibers with ECM-mimicking
anisotropic and isotropic topologies. Herein, we discuss using
micro/nanostructures, such as electrospun micro/nanofibers,
which significantly activate macrophages and promote wound
healing. These structures provide an environment that facilitates
the attachment, proliferation, and migration of cells while also
influencing the polarization of macrophages toward their regen-
erative functions.

1.1. Biomolecules in ECM

ECM is a 3D network in animal tissues that supports cells and
regulates cellular processes, such as proliferation, adhesion, mi-
gration, differentiation, and inflammation.[17,18] Approximately
300 proteins with characteristic domains associated with ECM
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have been identified through human genome analysis and DNA
sequencing. Supplementary proteins such as growth factors and
cytokines also interact with the ECM, initiating enzymatic alter-
ations. The interplay between these elements and the inherent
composition of the ECM varies with tissue location, thereby in-
fluencing the organization and role of the ECM.[18] The ECM is
a vast molecular network composed of collagen, laminin, elastin,
fibronectin (FN), and proteoglycans. These components interact
with cell adhesion receptors, allowing cells to form complex net-
works in all tissues and organs.[19] In this section, we discuss the
components and the characteristics of each component are out-
lined below.

Collagen is a major fibrous protein component of the ECM,
comprising more than 30% of the ECM. It is characterized by
its long, tough, and triple-stranded helical structure. Collagen
provides elasticity and stability and serves as a structural mate-
rial in tissues.[20] In recent studies, it has been documented that
there are 28 different types of collagens encoded by over 45 genes
present in the tissues and organs of the body.[19,21] Collagen types
I, II, and III account for ≈80–90% of the total collagen content in
the body.[20] In the initial proliferative phase of wound healing,
collagen type III, in conjunction with other ECM molecules like
FN and tenascin, establishes a provisional matrix that serves as
a substrate for cellular functions. Subsequently, collagen type I
becomes the predominant constituent of the ECM, initiating the
remodeling stage and the conversion into a more mature extra-
cellular matrix.[22]

Laminin (LM) is a glycoprotein present in the basement mem-
brane, and it demonstrates diverse functionality as a versa-
tile molecule comprising 15 heterotrimeric isoforms.[21] Each
molecule is composed of 𝛼 (400 kDa), 𝛽 (200 kDa), and 𝛾 (200
kDa) chains.[23] They are independently expressed and connected
to each other through disulfide bonds at the C-terminal re-
gion, forming a cross-shaped asymmetric structure.[21,24] The ex-
pression patterns of laminin isoforms vary depending on the
spatial and temporal organization of each tissue. The distribu-
tion of laminin isoforms shows tissue-specific and cell-specific
localization.[20,23] After being formed as a heterotrimer, laminin
is secreted into the extracellular space and then interacts with
other ECM proteins to form a network. The initial N-terminus
(LN domains) exhibit high conservation across isoforms and
play a role in the assembly of the molecule through polymer-
ization. The epidermal growth factor-like domains serve as con-
nectors between the globular domains, and they are engaged
in various roles such as signaling, growth, and development.[21]

Laminin provides structural integrity, contributes to cellular sig-
naling, and performs a pivotal function in biological processes
such as cellular adhesion and interaction with collagen and
glycosaminoglycans.[21,24]

Elastin is a polymeric protein and a major component of
elastic fibers, playing a crucial role in preserving the elasticity
and tensile strength of various organs and tissues, including
the skin (2–3% dry mass), major arteries and blood vessels
(28–32% dry mass), and lungs (3–7%). It is highly deformable,
allowing it to withstand repetitive mechanical stress.[25,26]

Among them, it is the protein with the highest concentration
in the lungs.[27] Elastin provides 1000 times more flexibility
than collagen, giving it sufficient mechanical strength for
elasticity.[28]

FN is a glycoprotein with a high molecular weight of ≈500 kDa,
consisting of two nearly identical subunits that combine to form
a dimeric molecule.[19,29] The main function of FN is to facilitate
cell adhesion to the extracellular matrix and promote cell migra-
tion. The structure of FN is composed of repeating subunits, with
a total of 12 FNI (type I), 2 FNII (type II), and 15 FNIII (type
III) domains.[21] The FNIII9-10 region of FN contains a synergy
binding site (PHSRN) and an RGE binding site, which control
the adhesion of integrins. Depending on its molecular structure
and splice variants, FN has multiple sequences that allow it to
preferentially bind to integrins, collagen, other FN subunits, fib-
rin, growth factors, and more.[29] FN participates in the wound-
healing process through interactions with various cell types and
proteins at the site of injury. FN can be categorized into plasma
FN and tissue FN based on their spatial expression and distribu-
tion. Plasma FN is involved in the formation of fibrinogen and
fibrin-FN clots in the bloodstream, aiding the passage of cells like
keratinocytes through the temporary matrix of the wound. Tissue
FN plays a complex role in ECM remodeling, serves as a neces-
sary component for the deposition of collagen types I and III, and
controls the function of lysyl oxidase, an enzyme responsible for
the cross-linking of collagen molecules.[22]

Proteoglycan (PG) is a major macromolecule consisting of a
core protein and various glycosaminoglycan (GAG) chains. It has
a molecular weight of ≈400 kDa.[22,30,31] GAG chains are attached
to the proteins classified as PGs, and these GAGs are bound to
the peptide chain through O-glycosidic linkage. In addition to
the ECM, PGs can also be located on the plasma membrane or
within intracellular vesicles. GAG chains located in the extracel-
lular space between cells can retain a significant volume of water
and resist external pressure. Therefore, they provide mechani-
cal support to tissue structure and enable cell movement. As a
result, PGs play a crucial role in maintaining the structural in-
tegrity of the skin.[31] The most common proteoglycans in the
skin are decorin and versican.[31] Decorin serves as a binding
component of connective tissue, capable of interacting with col-
lagen type I. It plays a crucial role in various cellular processes,
such as collagen fiber formation, wound healing, and vascular
development.[31,32] The central domain is further divided into
two subdomains, GAG-𝛼 and GAG-𝛽. Versican is predominantly
found in elastic fibers of the skin and influences the generation
of elasticity.[31]

2. Wound Healing and Macrophage Function

Wound healing is a complex process involving the movement,
differentiation, and proliferation of various cell types in response
to intricate signals in the ECM.[33] The stages of wound healing
include hemostasis, inflammation, proliferation, and remodel-
ing. Hemostasis can be considered a preparatory stage for the
inflammatory phase.[34] Therefore, the final three phases ascer-
tain whether the wound undergoes normal or aberrant heal-
ing, marked by the excessive synthesis of ECM proteins and
fibrosis.[35]

2.1. Hemostasis

Wound healing involves platelet adhesion to the exposed colla-
gen after tissue damage, coagulation initiation, and blood clot
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Figure 1. Overview of the macrophage for wound healing process. A) Hemostasis. B) Inflammation. C) Proliferation. D) Remodeling. Reproduced with
permission.[37] Copyright 2022, Springer Nature.

formation (Figure 1A).[36] Blood clots act as a temporary bar-
rier, aiding skin reconstruction and protecting the wound
environment.[37] Upon adhesion of platelets to collagen, the re-
lease of adenosine diphosphate (ADP) triggers platelet aggre-
gation. Factor VIII from platelet alpha granules stimulates the
formation of a platelet plug, along with the fibrin network, fill-
ing the damaged area and creating a transient ECM scaffold for
cell migration and proliferation. The fibrin network undergoes
rapid plasmin and neutrophil elastase degradation to release se-
questered plasma growth factors. Products of fibrin degradation
promote ECM deposition, fibroblast proliferation, and angiogen-
esis. Cell recruitment to the injured tissue relies on the growth
factors platelet-derived growth factor (PDGF) and TGF-𝛽, which
are crucial for the subsequent inflammatory stage.[36]

2.2. Inflammation

The inflammatory phase, associated with the activation of the
innate immune system, begins 24–48 h after wound forma-

tion (Figure 1B).[37,38] Injured cells release signals such as
damage-associated molecular patterns (DAMPs), hydrogen per-
oxide (H2O2), lipid mediators, and chemokines that attract poly-
morphonuclear leukocytes (PMNs). PMNs clear microorganisms
and debris, releasing cytokines (IL-1𝛽, IL-6, TNF-𝛼) and promot-
ing reparative responses but can also cause injury by releasing
proteases and reactive oxygen species (ROS). Macrophages clear
PMNs, detect bacteria, and create a microenvironment with el-
evated ROS and nitrogen species, thereby eliminating bacteria.
Macrophages transition into an anti-inflammatory phenotype as
DAMPs and pathogen-associated molecular patterns (PAMPs)
decrease, preparing them for the next healing phase.[34,39,40]

2.3. Proliferation

Wound-activated keratinocytes respond to mechanical tension,
changes in electrical gradients, pathogens, growth factors, and
cytokines and undergo a partial epithelial-mesenchymal transi-
tion at the wound edge. This transition enhances invasive and
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Figure 2. Various morphologies of micro/nanostructures are obtained by electrospinning. A) Anisotropy. B) Isotropy topology. Reproduced with
permission.[46] Copyright 2020, American Association for the Advancement of Science.

migratory characteristics. Leading-edge keratinocytes move
across the wound and initiate re-epithelialization to restore the
epidermal layer. As illustrated in Figure 1C, cells behind the ad-
vancing front facilitate cell attachment and realignment with the
migrating epithelial layer. Newly formed epidermal keratinocytes
secrete matrix metalloproteinases (MMPs) to aid migration and
produce new ECM proteins for basement membrane reconstitu-
tion. Interactions with structural proteins in the basement matrix
guide keratinocytes through the wound-invasion pathway. Gran-
ulation tissue formation begins when keratinocytes from oppos-
ing edges meet. Granulated tissue serves as a framework for cell
migration, supporting neovascularization and ECM deposition.
Fibroblasts play a key role in granulation tissue formation and are
crucial for generating the fibrous ECM. Macrophages contribute
to the fibrotic response by directly influencing fibroblasts, differ-
entiating into myofibroblasts in response to signaling molecules
like TGF-𝛽 and PDGF.[36,40,41]

2.4. Remodeling

The final stage of wound healing is tissue remodeling, in which
macrophages and fibroblasts collaborate to restore the structural
integrity. This phase varies in duration (2–3 weeks to over a year)
and is influenced by factors such as the wound size and patient
condition.[36] This period is dictated by collagen synthesis and
decomposition in the ECM. Fibroblasts are crucial for ECM re-
modeling and replace the initial fibrin clots with hyaluronan,
FN, and proteoglycans before synthesizing mature collagen fib-
rils. Proteoglycans aid collagen organization and cell migration
pathways.[41] MMPs degrade collagen type III, which is then re-
placed by collagen type I (Figure 1D).[36] Apoptosis reduces myofi-
broblast density, creating fibroblast space, and enhancing ECM
mechanical resistance.[38]

During remodeling, macrophages exhibit fibrinolytic and
phagocytic traits and secrete proteases to degrade excess fibrotic
tissue and phagocytose redundant cells. The failure to resolve
excessive cells and matrix in a timely manner can lead to scar
formation.[40] Macrophage numbers decrease via apoptosis as the
wound heals.[34]

Normal healing outcomes often lack complete integrity and
organized structure. After 3 months, a wound typically exhibits

50% of its tensile strength, and the maximum attainable tensile
strength of a scar is ≈70–80%.[36]

3. Electrospinning Techniques for Mimicking ECM

3.1. Electrospinning

Electrospinning is a fiber fabrication technique with significant
applications in various fields[42]. The standard electrospinning
configuration comprises a high-voltage power source, collection
apparatus, and syringe pump. When high-voltage direct current
is employed by a high-voltage power source, the electrostatic re-
pulsive force exerted on the liquid surface of the polymer so-
lution counteracts the surface tension. Consequently, a droplet
of the polymer solution suspended at the end of the spinneret,
controlled by a syringe pump, transforms from a semi-spherical
shape into a conical droplet known as the Taylor cone. Subse-
quently, a liquid jet is deposited onto a collector placed at a spe-
cific distance, forming nanofibers through deposition.[43] Using
electrospinning, various forms of micro/nanostructures can be
created. The most representative structures are the anisotropic
and isotropic topologies, as illustrated in Figure 2. Depend-
ing on their isotropic and anisotropic topology, nanofibers have
strengths and weaknesses, as shown in Table 1. Nanofibers pro-
duced by electrospinning exhibit excellent functionality in pro-
moting wound healing.[44] Their microstructures align well with
the ECM structure, aiding cell growth, proliferation, and adhe-
sion. Additionally, their exceptional permeability and absorption
capacity enable the uptake of wound exudates and maintenance
of a moist milieu, fostering an optimized healing environment.
Moreover, the expansive surface area facilitates the incorporation
and conveyance of bioactive agents such as drugs and growth
factors. Consequently, electrospun nanofiber materials can be re-
garded as an optimal choice for wound dressings.[44]

Biopolymers are natural polymers that are produced by living
organisms. A wide range of biopolymers found in plants, includ-
ing cellulose and lignin, as well as those present in animals, such
as collagen, chitin, and chitosan, have diverse applications in
biomedicine. Biopolymers are used for drug delivery, tissue engi-
neering, and wound healing. They possess antimicrobial and an-
tiviral properties as well as regenerative potential and biocompat-
ibility. In nanotechnology, biopolymers can be used in pure form
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Table 1. Strength and weaknesses of nanofiber structure (↑: increase, ↓: decrease).

Composites Strength Weakness Application Reference

Anisotropy Chlorin e6/silk fibroin Tensile strength, Young’s
modulus↑

No degradation study
performed and other
macrophage phenotypes
need to be studied

Macrophage
polarization, wound
healing

[47]

Chitosan/poly-𝜖-caprolactone/ Cip Tensile strength, Young’s
modulus↑

Cip 2.0% → 5.0%: Cell
compatibility↓

Antibacterial property,
wound healing

[48]

Isotropy Silk protein
(SF)/polyvinylpyrrolidone
(PVP)/puerarin (PUE)

Porosity↑ No degradation,
antibacterial study
performed

Wound healing [49]

Ethanol-soluble polyurethane
(EPU)/fluorinated polyurethane
(FPU)/thymol

Fiber diameter↑:
Hydrophobicity↑

EPU content↑:

Tensile stress reduction

Antibacterial property,
wound healing

[50]

or mixed with other polymers to create fibrous scaffolds, making
them promising candidate materials for skin substitutes.[45]

3.2. Parameters for Electrospinning

3.2.1. Process

The critical voltage varies depending on the polymer used. Only
voltages higher than the critical voltage can generate an electri-
cally induced jet from the Taylor cone. Increasing the voltage en-
hances the electrostatic repulsive force on the jet, allowing for a
narrower fiber diameter. Moreover, higher voltages increase the
likelihood of bead formation or bead-like nanofibers. The en-
hanced generation of beads or bead-like nanofibers at higher volt-
ages can be attributed to the reduction in the size of the Tay-
lor cone and the corresponding increase in jet velocity, despite
maintaining a constant flow rate. By contrast, at low voltages, the
droplet is generally held in suspension at the tip of the needle
until the voltage increases, leading to bead-free fiber formation
from the Taylor cone.[51,52]

The flow of the polymer solution through the tip of the metal
needle governs the structure of the electrospun nanofibers. Uni-
form and beadless electrospun nanofibers can be produced by
maintaining a critical flow rate for the polymer solution. The criti-
cal value varies depending on the polymer system used. As shown
in Table 2, increasing the flow rate beyond the critical value allows
for surface formation. However, increasing the flow rate beyond
the critical value results in a shorter drying time before reaching
the collector and lower stretching forces, leading to an increase
in the pore size and diameter of the nanofibers, as well as the
formation of distorted Taylor cones and more droplets. Both in-
creases and decreases in the flow rate can influence the nanofiber
formation and diameter; therefore, maintaining a minimum flow
rate is preferred to balance the detachment of the polymer so-
lution and its replacement with a fresh solution during jet for-
mation. In addition, a low flow rate is recommended to ensure
that the polymer solution has sufficient time for polarization.
This allows for the formation of a jet cone and a retraction jet
(a jet formed directly from within the needle without droplets or
cones). The retraction jets are unstable and constantly transition
to cone jets during electrospinning. This dynamic phenomenon
leads to the formation of nanofibers with varying diameters.[51–53]

The distance between the collector and needle tip plays an
important role in determining the morphology of the electro-
spun nanofibers. The fiber morphology is easily influenced by
factors such as the precipitation time, evaporation rate, bend-
ing, and instability, making the distance critical. Therefore, to
achieve smooth and uniform electrospun nanofibers, it is impor-
tant to maintain a critical distance; variations on both sides of this
distance can affect the fiber morphology. As shown in Table 2,
when the distance between the collector and needle tip is small,
the emitted jet of the solution does not have sufficient time to
bend or whip, resulting in defective nanofibers with larger di-
ameters. Conversely, as the distance increases, the polymer so-
lution jet can bend and whip more, reducing the fiber diameter.
This is one of the reasons why the fiber diameter decreases in
electrospinning.[51,54]

3.2.2. Polymer

Molecular Weight: The molecular weight of a polymer influ-
ences its properties, such as the glass transition temperature,
melting point, mechanical strength, and solubility. An appropri-
ate molecular weight is necessary for successful fiber formation.
Otherwise, it may lead to electrostatic spraying and the inability
to obtain fibers. There are minimum concentrations that stabilize
the fiber structure and maximum concentrations where electro-
spinning is not possible for each molecular weight. The diameter
of the resulting fibers tends to increase with increasing relative
molecular weight of the polymer, and the spacing between fibers
also increases. Additionally, as the molecular weight increases,
the entanglement of polymer chains intensifies, and the bead
structure reduces.[55–57]

Solvent: Before selecting a solvent, two considerations should
be taken into account. Firstly, the solvent used in the electrospin-
ning process should include polymers that are completely sol-
uble in it (Table 2). Secondly, it should have an appropriate boil-
ing point.[51] Solvents with exceedingly high or low boiling points
are not conducive to the electrospinning process. As indicated
in Table 2, solvents with low boiling points can clog the nozzle
and disrupt the fiber formation process, while solvents with high
boiling points are not ideal for promoting the solidification of
polymer fibers during electrospinning. By adjusting the solvent
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Table 2. Electrospinning process parameters (↑ high, increase; ↓ low, decrease).

Parameters Properties References

Process Voltage ↑: Diameter ↓, bead and bead nanofibers↑

↓: Drop hangs from needle end until voltage increases

[51, 52]

Flow rate Low flow rate recommended

↑: Surface formation, pore size and diameter of the fiber↑, distorted
Taylor cone, large amount of drops

[51–53]

Distance between collector and
needle tip

↓: Defective nanofibers with larger diameters

↑: Diameter ↓

[51, 54]

Polymer Molecular weight Appropriate: fibrosis progresses well

↑: Diameter and spacing between fibers ↑, bead structure↓

[55–57]

Solvent Need a polymer that is completely soluble

-boiling point

↑: Not suitable for promoting coagulation of polymer fibers

↓: Obstructing the fibrosis process

[51, 55, 58]

Solution Conductivity ↑: Diameter ↓, formation of the multiple jets and the protrusions in
the fibers

↓: Electrospinning impossible

[51, 59, 60]

Viscosity ↑: Results in fewer beads

↓: Intermittent bead occurs

[61, 62]

Surface tension ↑: Bead formation, prevents fiber formation, transform into water
droplets

↓: Bead fiber → soft fiber

[52, 62–64]

Environmental Humidity ↑: Thinner nanofibers formed

↓: Thicker nanofibers formed

[51, 65]

Temperature ↑: Diameter ↓

↑: Electrical suspension of elongation

[62, 66]

system through solvent blending, it is possible to manufacture
unique fiber structures with various surface roughness, poros-
ity, and flat cross-sections.[55] In addition, solvents can be used to
produce highly porous nanofibers, which can occur when poly-
mers are dissolved in two different solvents, one of which acts
as a nonsolvent. The difference in evaporation rates between the
solvent and nonsolvent leads to phase separation, resulting in
the production of highly porous nanofibers.[51] Currently, halo-
genated solvents (e.g., chloroform, trifluoroethanol) and toxic sol-
vents (e.g., dimethylformamide) are commonly used in the field
of electrospinning.[58]

3.2.3. Solution Properties

The conductivity of the solution not only affects the formation
of the Taylor cone but also has an impact on the regulation of
nanofiber diameter. In polymer solutions with very low conduc-

tivity, there is no surface charge present on the fluid droplet sur-
face to facilitate the formation of the Taylor cone, making electro-
spinning impossible. On the other hand, as the conductivity in-
creases, the surface charge on the solution surface also increases,
contributing to the formation of the Taylor cone and simultane-
ously reducing the average diameter of the fibers, which is related
to the power law relationship. However, the jet current initially in-
creases but then exhibits a decreasing trend. These phenomena
can be explained by the variations in surface charge distribution
around the electrospun jet and changes in the tangential elec-
tric field along the fluid surface. Another phenomenon observed
when the conductivity of polymer solutions increases is the for-
mation of multiple jets and the occurrence of bead protrusions in
the fibers (Table 2).[51,59] In addition, the charge-carrying capacity
of the solution also influences the process. As the conductivity of
the solution increases, more charge can be carried, resulting in
an increase in the length of the polymer jet under a high electric
field.[60] The electrical conductivity of a polymer solution can be
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regulated by incorporating a suitable salt. The inclusion of salt
influences the electrospinning process in two ways. Firstly, it in-
creases the number of ions in the polymer solution, leading to an
increase in the surface charge density of the fluid and the electro-
static forces generated by the external electric field. Secondly, it
increases the conductivity of the polymer solution, reducing the
electric field directed along the fluid surface. However, if the con-
ductivity of the solution increases too much, this electric field re-
duction can decrease the electrostatic forces acting along the fluid
surface, negatively affecting the formation of the Taylor cone.[51]

The viscosity of a solution is influenced by the concentration of
the polymer solution, the surrounding temperature, the molecu-
lar weight of the polymer, and the impurities present in the so-
lution. Therefore, it is possible to control the viscosity by adjust-
ing the temperature or molecular weight. The relationship be-
tween molecular weight and viscosity is described by the Mark–
Houwink–Sakurada equation (Equation (1)).

[𝜂] = KMa (1)

In this equation, 𝜂 represents viscosity, M is the molecular
weight, and K and a are the Mark–Houwink parameters or em-
pirical constant parameters. The values of the Mark–Houwink
parameters vary depending on the polymer-solvent system. In
Table 2, if the viscosity of the polymer solution is too low, inter-
mittent beads can occur in the resulting nanofiber structure. On
the other hand, increasing the concentration of the polymer solu-
tion results in an increase in the entanglement between polymer
chains, leading to an increase in viscosity. This higher viscosity
reduces the occurrence of beads in the solution. The diameter
of the fibers is related to the diameter and spacing of the beads,
and a thinner fiber corresponds to a closer distance between the
beads. Therefore, to obtain consistent fibers, it is important to
maintain a constant viscosity of the solution.[61,62]

Surface tension refers to the cohesive forces between
molecules within a liquid, which is influenced by intermolecular
interactions.[63] Surface tension determines the upper and lower
limits of the range in which electrospinning can be achieved.[64]

If the surface tension is too high, fibers cannot be formed and
instead transform into droplets (a process known as electro-
spraying). Generally, surface tension is overcome by the elec-
tric field to generate a polymer solution jet. As mentioned in
Table 2, high surface tension promotes bead formation. Beads
possess a higher ratio of surface area to volume in comparison
to fibers, which leads to reduced surface energy remaining on
their surface.[62] On the contrary, if the surface tension is low,
bead fibers can be transformed into smooth fibers. Lower sur-
face tension allows for the formation of smoother fibers with re-
duced bead formation.[52] The surface tension in polymer solu-
tions can be adjusted by controlling the polymer/solvent ratio.
Another method is to add a surfactant to the solution, which pro-
vides uniformity to the fibers.[64]

3.2.4. Environmental Factors

Humidity can modulate the diameter of nanofibers by regulat-
ing the solidification mechanism of the charged jet. Lower rela-
tive humidity accelerates solvent evaporation, leading to the for-

mation of thicker nanofibers. Conversely, higher humidity sup-
presses solvent evaporation, resulting in thinner nanofibers. Ad-
ditionally, humidity also influences the formation of pores in the
nanofibers (Table 2). This phenomenon is known as the “breath
figure,” which refers to the fog-forming process occurring when
water vapor contacts a cold surface. When the polymer solution
moves toward the collector, the condensation of water vapor oc-
curs, forming water droplets that leave traces as they dry, creating
pores in the polymer structure.[51,65]

The electrospinning process at high temperatures reduces the
viscosity, surface tension, and conductivity of the polymer solu-
tion. These factors contribute to the effective application of elec-
trical forces for generating fibers with small diameters. How-
ever, at high temperatures, the viscosity of the polymer solution
decreases due to faster solvent evaporation compared to ambi-
ent conditions. This premature solvent evaporation can lead to
the premature termination of the electrical stretching process
(Table 2).[62,66]

4. Materials for Fabrication of Micro/Nanofibers

4.1. Natural Materials

Micro/nanofibers possess physical characteristics and surface
properties that can enhance their hemostatic properties and po-
tentially replace adjunctive hemostatic agents. The mesh-like
structure of the fibers is ideal for exudate removal from wounds
and can absorb water within a range of 18–213%, depending
on the material. Moreover, they can maintain a moist environ-
ment conducive to cellular respiration, survival, and prolifera-
tion, promoting wound healing and closure and preventing scar
formation. Matrices with high porosity allow gas to permeate the
membranes and protect tissues from dehydration. Additionally,
they can serve as drug carriers, enabling the release and deliv-
ery of drugs to wound dressings. Their high flexibility allows for
rapid adaptation to wound contours, eliminating the need for
secondary dressings for stabilization.[67] Some naturally available
biomaterials, such as collagen, gelatin, laminin, elastin, GAG,
and decellularized ECM, with their respective potential in the
fabrication of micro/nanocomposites and cell behavior, are de-
scribed below and listed in Table 3.

Collagen is widely used as a skin substitute and wound
dressing because of its hemostatic and cell-proliferative effects
on fibroblasts and keratinocytes.[68] Collagen dressings have a
high absorbency capacity, allowing them to absorb a signifi-
cant amount of exudate and reduce protein and electrolyte loss
caused by traumatic exudates. They also help to prevent wound
dehydration.[69] However, collagen extracted from animal tis-
sues undergoes denaturation during electrospinning, which re-
sults in weakened mechanical properties and higher degrada-
tion rates.[70] Additionally, collagen is easily soluble in water,
and its rapid degradation can lead to the disappearance of the
scaffold before the cells can deposit their own ECM.[71] There-
fore, modifications are necessary to enhance the mechanical
strength.[69] Crosslinking is one of the methods used to en-
hance the mechanical strength of collagen. Collagen can un-
dergo chemical crosslinking (e.g., with glutaraldehyde, genipin,
and carbodiimides), enzymatic crosslinking (e.g., with transglu-
taminase, tyrosinase, and laccase), or physical crosslinking (e.g.,
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Table 3. Natural materials function and application in skin tissue regeneration.

Natural
materials

Function Composites Highlight References

Collagen Effects of blood clotting and cell
proliferation in fibroblasts and

keratinocytes, possesses strong
absorbency, absorbs a large amount of

secretion

Ethyl cellulose, poly lactic acid,
silver sulfadiazine (AgSD)

NIH 3T3 cell attached well to the
surface (for 7 days)

[88]

PVA, gelatin, alginate Cell proliferation (after 3 days):
Better than non-collagen
injected scaffolds

[89]

PCL, N-acetylcysteine Percentage of wound closure area:
93.59% (12th day)

[90]

Gelatin Hemostatic properties, excellent
biocompatibility, reduced cytotoxicity,

low antigenicity, controllable
biodegradability, ability to stimulate

cell attachment and growth

PCL, cellulose nanocrystals Wound closure area percentage:

98 ± 3% (14th day)

[91]

PCL, zinc oxide nanoparticles Complete formation of the
epidermis (at day 13)

[92]

PLCL,
epigallocathechin-3-Ogallate

Antioxidant, antibacterial, wound
healing, cell differentiation

[93]

Elastin Providing mechanical elasticity, gradually
reducing wound contraction,
enhancing re-epithelialization

Collagen, glutaraldehyde Wound contraction rate: 50.7%
(28th day)

[94]

Collagen, carbonyldiimidazole High growth rates of human
keratinocytes and fibroblasts

[95]

Chitosan, magnesium phosphate Elongated morphology of cells on
elastin added nanofibers

[96]

Hyaluronic acid Promote cell proliferation and movement
by maintaining moisture balance in the

wound area, providing nourishment,
cleansing infected wound areas.

Poly (ethylene oxide) Cell activity of the extract of the
L929 cells (for 72 h): 1.33 ±
0.039nm

[97]

ZnO, cinnamon essential oil Complete suture of wound (day
17)

[98]

Chitosan, PCL Improved cell spreading and
proliferation (after 5 days)

[99]

with UV radiation, gamma radiation, and dehydrothermal treat-
ment). In addition, incorporating synthetic polymers into com-
posite nanofibers can improve their mechanical and biological
properties.[71] For example, Li et al. developed poly-𝜖-caprolactone
(PCL)-Col/ZnO-0.75+ vascular endothelial growth factor (VEGF)
fibrous scaffolds and photographed them from the day of implan-
tation until the wounds completely healed (Figure 3A–a). On the
fourth day, as shown in Figure 3A–b, the percentage of the wound
area treated with PCL-Col/ZnO-0.75+VEGF was 66%, which de-
creased to ≈22% and 3% after 6 and 12 days of treatment, respec-
tively. This indicates that the PCL-Col/ZnO-0.75+VEGF fibrous
scaffold significantly promotes wound healing.[72]

Similarly, gelatin, a protein obtained from partial hydrolysis of
animal collagen, exhibits hemostatic characteristics, remarkable
biocompatibility, reduced cytotoxicity, minimal antigenicity, ad-
justable biodegradability, and the ability to promote cellular ad-
hesion and proliferation (Table 3). Because of these properties,
they are extensively utilized in human applications, specifically
in wound dressings and tissue engineering products. Porous
gelatin matrices maintain a moist environment by absorbing
the wound exudates, thereby promoting wound healing. Addi-
tionally, this matrix acts as a porous scaffold for cell migration,
providing structural and mechanical support and facilitating the
growth of new tissues. However, the electrospinning ability of
gelatin is low.[73] Nanofibers of pure gelatin typically have a ran-
dom coil conformation, resulting in poor water resistance and

mechanical properties. This leads to immediate dissolution upon
contact with water. Various physical and chemical crosslinking
methods have been developed to address these issues. Physical
cross-linking methods are primarily based on physical forces,
including hydrogen bonding, polar bonding, electrostatic inter-
actions, and van der Waals forces. Crosslinking can enhance
the water resistance. Chemical crosslinking can impart a more
stable crosslinked network to gelatin nanofibers than physical
crosslinking. Chemical cross-linkers include formaldehyde, glu-
taraldehyde, isocyanates, acrylamides, and epoxides.[74] Chemi-
cally crosslinked nanofiber mats exhibit ten times higher elon-
gation at break and ultimate tensile strength than uncrosslinked
nanofiber mats.[75]

Laminin (LM)-derived peptides are peptide sequences de-
rived from the LM protein that can be coated onto the surface
of a substrate to facilitate cell adhesion. These peptides were
found to promote uniform cell proliferation and enhance cell
adhesion and spreading compared with substrates without LM-
derived peptides.[76] LM plays a significant role in adult skin,
with major isoforms such as LM-332, LM-311, and LM-511, pre-
dominantly produced by keratinocytes. LM-511 stabilizes epider-
mal adhesion, mediates epidermal-dermal communication, and
promotes skin regeneration. It also plays a crucial role in re-
epithelialization and neovascularization during wound healing.
The cell compatibility of LM is not limited to keratinocytes but
is a general characteristic of various cell types, including skin
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and epidermal cells. Moreover, numerous heparin-binding do-
mains (HBDs) within the LM can serve as reservoirs for growth
factors, enhancing their biological activity. The preservation of
growth factors can be improved by incorporating HBDs into the
fibrin matrix through covalent binding within LM. This approach
specifically augments the impact of growth factors, such as PDGF
and VEGF, thereby facilitating wound healing in vivo.[77] LM
nanofibers created by blending various synthetic polymers, such
as polylactic acid (PLA)/ poly lactide-co- glycolic acid (PLGA)
and polycaprolactone, can enhance cell adhesion to synthetic
biomaterials.[76]

Elastin, a key ECM protein, provides mechanical elasticity and
interacts with cells to progressively reduce wound contraction
and enhance dermal regeneration, contributing to wound heal-
ing (Table 3).[78] Elastin can be blended with various natural and
synthetic polymers such as PLGA, silk, poly (3-caprolactone), and
collagen to enhance the physicochemical and mechanical prop-
erties of biomaterials via electrospinning.[76] However, in cases
of severe skin damage, insufficient elastin is produced.[79] Fur-
thermore, considering that the elastic fiber network in the skin is
primarily formed during early life and is minimally replenished
in adulthood, it is difficult to recover if the network is compro-
mised using tropoelastin. Tropoelastin is a major component and
building block of elastic fibers. Recombinant human tropoelastin
serves as a matrix for skin fibroblasts, promoting collagen syn-
thesis and glycosaminoglycan deposition, thereby contributing
to tissue regeneration and improving skin hydration. Addition-
ally, it can provide clinically meaningful insights into the func-
tional role of elastin in the ECM and offer opportunities to im-
prove wound healing and reduce scar formation.[78]

When a wound occurs, a provisional ECM composed of fib-
rin and FN is initially formed and later replaced by a mature
ECM with a higher FN content. FN plays crucial roles in various
processes related to cell adhesion, contraction, migration, differ-
entiation, gene expression, and angiogenesis. Therefore, FN is
an essential component for ECM formation, re-epithelialization,
and tissue regeneration, indicating the potential of FN-based
nanofibers in wound healing devices. However, the production of
FN nanofibers does not fully replicate the natural pattern of FN
fiber formation.[68] Therefore, FN is primarily used for coating
polymer fibers to enhance their biocompatibility and cell adhe-
sion properties. It is combined with various synthetic and natural
materials to explore potential tissue engineering applications.[76]

Glycosaminoglycans (GAG) play a crucial role in skin tissue re-
generation and various stages of maturation. They interact with
growth factors to effectively promote cell proliferation.[80] Dur-
ing the proliferative phase of wound healing, GAG-peptide frag-
ments released from the wound due to protease-mediated pro-
teoglycan (PG) degradation can bind to positive proteins (e.g.,
elastase and cathepsin G) and inhibit their respective activi-
ties. They also interact with various protein-degrading enzymes,
thereby enhancing their activities.[77] During the remodeling

phase, restoration of vascular density in the wound area is sup-
ported by capillary growth, FN deposition, and collagen forma-
tion. Hyaluronic acid (HA), is another interesting material that
plays an active role in all stages of wound healing and regu-
lates innate immune responses to tissue remodeling and tissue
damage.[67] This is because it is a hygroscopic polymer that helps
maintain the moisture balance at the wound site, thereby pro-
moting cell proliferation and migration (Table 3).[81] In addition,
it forms a temporary matrix in the early stages of wound for-
mation, providing nutrition and helping to cleanse the infected
wound site (Table 3).[82] However, electrospinning of pure HA can
pose challenges depending on the characteristics of the HA solu-
tion and the electrospinning apparatus used. One of the main is-
sues is the high viscosity of HA solution owing to the long-range
electrostatic interactions arising from its ionic nature. The pres-
ence of counter-ions in the solution increased the viscosity of HA.
High viscosity prevents effective interactions between HA poly-
mer chains, leading to instability in the jet and the production
of discontinuous and heterogeneous fibers. Additionally, HA so-
lutions may result in droplets or spatters between the collector
and needle because of their inability to evaporate in the collec-
tion space. To facilitate the electrospinning of HA, it is possible
to mix HA with suitable polymer materials or use solvent blends
that modify the surface tension and viscosity of HA by altering
the helical structure within HA chains and intra-molecular hy-
drogen bonding.[67]

The cellular contents of the ECM can be removed, resulting
in the conversion of the ECM to decellularized ECM (dECM).
Recent studies have shown that the dECM plays a crucial role
in skin wound healing.[83] This is because dECM possesses
a unique microstructure, abundant bioactive molecules, and
a specific chemical composition that can influence cell prolif-
eration, migration, and differentiation.[84] Additionally, dECM
exhibits various biological origins and favorable biocompati-
bility and biodegradability.[85] Moreover, the composition and
microenvironment of dECM closely mimic the natural ECM,
providing cells with a microenvironment that includes ECM
components.[76] Some dECM scaffolds have low mechanical
strength, which poses a challenge when long-term mechanical
support for regenerating tissues is required, particularly for treat-
ing large defects in load-bearing tissues. One strategy for ad-
dressing this constraint is to employ electrospinning to com-
bine dECM scaffolds with synthetic biocompatible polymers.
These hybrid scaffolds can provide mechanical support struc-
tures while preserving the biological activity of the dECM, of-
fering significant advantages for tissue engineering and regen-
erative medicine applications.[86] All of these materials can be
used in the fabrication of micro/nanocomposites after blend-
ing with synthetic polymers which have the potential to produce
nanofibers using electrospinning. For example, Kim et al. added
a fibroblast-derived ECM (fdECM) to collagen I to create a patch.
They applied this patch to a skin wound model to confirm its

Figure 3. A–a) Schematic diagram of PCL/Col/Zno+VEGF scaffold for wound healing. b) Wound closure rate of each group. Reproduced with
permission.[72] Copyright 2021, Springer Nature. B–a) Evaluation of wound healing for CON, COL, and COL-fdECM scaffolds. b) Immunofluorescent
images of each scaffold stained with PGP9.5 (in red). Reproduced with permission.[87] Copyright 2022, Frontiers. C–a) Schematic of the steps in EBM
fabrication. b) SEM images for evaluating bacterial growth on the surface of EBM samples. Reproduced with permission.[100] Copyright 2016, Elsevier
B.V. D) Unidirectional automatic liquid removal capability and contact-pumping mechanism of nanofiber dressing. Reproduced with permission.[101]

Copyright 2022, American Chemical Society.
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Table 4. Synthetic materials function and application in skin tissue regeneration.

Synthetic
materials

Function Composes Application References

PCL High biocompatibility, low melting point,
glass transition temperature

Chitosan, curcumin Methicillin-resistant Staphylococcus
aureus (MRSA) infected wound healing
percentage (day 10): 96.25%, 98.5%
(respectively MRSA treated and
untreated wounds)

[111]

Zinc oxide More than 60% of the wounds were
completely healed

[112]

Curcumin, silk fibroin, PVA Wound healing rate (on day 12):

96.75%

[113]

PLA Biocompatibility, biodegradability,
excellent thermal and mechanical

properties and processability

Curcumin, polyethylene
glycol (PEG)

Satisfactory cell attachment to nanofibers [114]

PVA, sodium alginate Wound healing rate (on day 16):

Almost complete healing

[115]

Triterpene extract (TE) Drug delivery

more than 60% of TE is released in 0.5 h

[116]

PVA Biocompatibility, biodegradability,
superior transparency, film-forming
abilities, thermal stability, chemical

resistance

Silk fibroin Wound closure (at day 5): 1.35 fold
↑(compared with control group)

[117]

Chitosan-stabilized
Prussian blue

Excellent cell proliferation, antioxidant [118]

Gum Arabic, silver
nanoparticles

Mouse embryonic fibroblast (MEFs) cell:

Substantial increase (on day 5)

[119]

PLGA Controlled and sustained release
properties, low toxicity,

biocompatibility with tissues and cells

Vildagliptin Wound healing percentage (on day 14):

11.4 ± 3.0%

[120]

Insulin, vildagliptin Wound region size (on day 14):

1.9 ± 0.3 mm

[121]

Curcumin, heparin Wound size:

Less than 14% compared to original size
(within 14 days)

[122]

wound-healing effect. As shown in Figure 3B–a, after 14 days, in
the control group (CON) where nothing was applied, there was
an exudate with blood on the skin. In contrast, in the control
collagen patch (COL) and fdECM-collagen patch (COL-fdECM)
groups, the wounds were almost completely epithelialized. In
particular, the wound area was smaller in the COL-fdECM group.
Additionally, when confirming whether the severed nerve fibers
were reinnervated from the nerve ganglia to the skin, the COL-
fdECM group showed a higher area of PGP9.5-positive nerve
fibers in the superficial dermis than the other groups. These re-
sults suggest that fdECM assists in reconstructing skin wounds
back to the original tissue (Figure 3B–b).[87]

4.2. Synthetic Materials for Fabrication

Synthetic biocompatible polymers have significant potential in
the applications of skin tissue engineering and wound dressings,
providing a controlled release of bioactive molecules and sup-

porting the regeneration of healthy skin tissue. The commonly
used synthetic degradable polymers in electrospinning for these
purposes are poly-𝜖-caprolactone (PCL), polylactic acid (PLA),
polyvinyl alcohol (PVA), and poly lactide-co-glycolic acid (PLGA).
Each of these polymers is briefly discussed below.

PCL is a biocompatible, non-toxic, and biodegradable
polyester. It is an ideal material for manufacturing nanofibers
using the electrospinning technique, providing high biocom-
patibility (Table 4).[102] Furthermore, PCL is a polymer with a
low melting point and glass transition temperature (Table 4). It
exhibits excellent solubility in organic solvents such as hexaflu-
oroisopropanol, dichloromethane, chloroform, methanol, and
tetrahydrofuran. This property makes it highly suitable for appli-
cations where longer degradation times are desired. When PCL
is composed of more hydrophilic monomers, it promotes faster
water diffusion, thereby increasing the degradation rate.[103]

However, PCL has lower surface solubility compared to PLA
and PLGA, resulting in reduced cell adhesion. Therefore, PCL is
typically used in combination with other polymers and bioactive
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additives rather than being electrospun alone.[104] Figueira et al.
conducted a study on tissue regeneration and fabricated a bilayer
nanofibrous membrane, referred to as an electrospun bilayer
membrane (EBM), using the electrospinning technique. The
upper layer of the EBM consisted of polycaprolactone (PCL) and
hyaluronic acid (HA), while the bottom layer was composed
of chitosan (CS) and zein. To impart anti-inflammatory and
antimicrobial activity, salicylic acid (SA) was incorporated into
the membrane (Figure 3C–a). The antimicrobial activity of EBM
was evaluated using the Staphylococcus aureus strain, and the
biofilm formation on the membrane surface was analyzed by
SEM over a 5-day period. The results demonstrated that EBM
generated an inhibitory zone with a diameter of 9.84 ± 3.64
mm. Furthermore, even after 5 days, no biofilm formation was
observed on the surface of EBM (Figure 3C–b). This result is
interpreted as the combined effect of CS and SA, both possess-
ing antimicrobial properties in the bottom layer of EBM. These
characteristics suggest a positive impact on wound healing.[100]

PLA is an aliphatic polyester that can be synthesized from sus-
tainable and renewable sources. It is considered one of the most
promising biopolymers in biomedical applications due to its bio-
compatibility, biodegradability, excellent thermal and mechani-
cal properties, and processability. The advantages and examples
of PLA are shown in Table 4. In particular, electrospun PLA
nanofibers, with their similarity to the ECM, large surface area,
high porosity, small pore size, and diverse mechanical properties
for various applications, have recently gained significant atten-
tion and impact.[105] Furthermore, electrospun PLA nanofibers
also hold great potential as drug delivery carriers in addition to
being scaffolds for tissue regeneration. They offer a wide range
of applications in the field of drug delivery.[106] However, PLA has
some drawbacks, such as a low melting point and slow crystal-
lization rate. These limitations can be overcome by blending PLA
with other polymers or substances similar to other materials.[103]

For example, Zhang et al. fabricated Janus nanofibers with an
upper layer composed of polyacrylonitrile (PAN) containing phe-
nol red (PSP) and a lower layer consisting of polylactic acid
(PLA) containing encapsulated oxacillin (OXA) and polyoxomet-
alate (P2W18). These nanofibers exhibited a pattern with 3 mm
hole sizes, enabling complete drainage of water droplets from the
hydrophobic layer to the hydrophilic layer (Figure 3D). When a
water droplet contacted the hydrophobic layer, it was rapidly ex-
pelled, whereas it was blocked when it touched the hydrophilic
layer. These results indicate that the nanofibers possess the ability
to unidirectionally expel water, making them effective for wound
management.[101]

PVA is one of the earliest synthetic polymers and is catego-
rized as a water-soluble synthetic polymer. It is widely used in
advanced biomedical applications due to its excellent biocompat-
ibility, biodegradability, superior transparency, film-forming abil-
ities, thermal stability, and chemical resistance (Table 4). PVA
can be electrospuned to form high-quality nanofibers. However,
its application is limited by its relatively low strength, poor ther-
mal stability, and immediate dissolution or excessive swelling
in aqueous environments. Therefore, to enhance its mechan-
ical properties and water resistance, the cross-linking process
becomes essential.[107,108] Cross-linking of PVA can be achieved
through various chemical reactions, such as free-radical poly-
merization, chemical reactions of complementary groups, high-

energy irradiation, or enzymatic reactions. It can also undergo
cross-linking through physical reactions, including ionic interac-
tions, crystallization of the polymeric chain, hydrogen bonding,
protein interactions, or the design of graft copolymers. The most
commonly used chemical agents or crosslinkers for PVA are di-
aldehydes, diisocyanates, dicarboxylic acids, tricarboxylic acids,
and boric acids.[107]

PLGA is a biodegradable polymer synthesized by the ring-
opening co-polymerization of lactic acid and glycolic acid
monomers.[104] Lactic acid is rigid, highly hydrophobic, and
slowly degradable, while glycolic acid is malleable, less hydropho-
bic, and rapidly degradable. Due to these characteristics, PLGA
can be customized for specific applications.[109] PLGA is one of
the most effective biodegradable polymers, known for its con-
trolled and sustained release properties, low toxicity, and biocom-
patibility with tissues and cells (Table 4).[110] This polymer is solu-
ble in various organic solvents such as acetone, dichloromethane,
chloroform, ethyl acetate, and tetrahydrofuran (THF). Due to
these characteristics, it can be readily utilized as a carrier for both
hydrophobic and hydrophilic drugs.[109]

5. Degradation of Nanofibers

Owing to their high affinity for tissues and blood, nanofiber
scaffolds promote wound healing and enhance cell growth. The
degradation rate of the nanofibers is a crucial factor in deter-
mining the effectiveness of wound healing. Therefore, nanofiber
scaffolds should possess a degradation rate suitable for facili-
tating new tissue regeneration. The degradation rate of these
nanofibers varies depending on the material used. Moreover, ad-
justing the ratio of these materials allows the modulation of the
degradation rate.[123,124] The application of these adjustments is
discussed below.

Ba̧saran et al. fabricated nanofibers by incorporating heparin-
encapsulated PLGA nanoparticles into Sericin/Gelatin (Ser/Gel),
as shown in Figure 4A–a. To determine the weight loss in the
PBS solution for degradation studies, the dry weights of samples
with 0/1 Ser/Gel (sericin 0%, gelatin 100%), 1/7 Ser/Gel (sericin
15%, gelatin 85%), and 1/2 Ser/Gel (sericin 35%, gelatin 65%)
were measured at each time point (1, 3, and 7 days). As shown
in Figure 4A–b, after 7 days, the nanofibers with the highest
gelatin content in 0/1 Ser/Gel showed significantly higher
weight loss than 1/2 Ser/Gel nanofibers. This indicates that
as the gelatin content increases, the degradation rate of the
nanofibers increases, which is attributed to the faster degrada-
tion rate of gelatin in the biological environment.[125] In another
study, Selvaras et al. developed nanofibers of polyurethane
(PU), PU/chitosan (PU/CS), PU/chitosan/0.5% elastin
(PU/CS/0.5%E), and PU/chitosan/1.0% elastin (PU/CS/1.0%E)
(Figure 4B–a). The degradation of these nanofibers was investi-
gated by culturing them in PBS for 60 days and measuring the
weight loss at various time intervals. As degradation progressed,
the weight loss increased for all nanofibers. In particular, the
PU/CS/1.0%E nanofibers exhibited a higher weight loss than
the other nanofibers at all time intervals (Figure 4B–b). This
suggests that a higher concentration of elastin in the blend
promoted the degradation of nanofibers, potentially supporting
tissue integration and replacement.[126] Ghorbani et al. blended
Zein/PCL in ratios of 70:30, 90:10, and 80:20 to create Zein/PCL
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Figure 4. A–a) The schematic representation of the process for preparing nanoparticles of heparin-loaded PLGA and the nanofibers containing PLGA
nanoparticles in Ser/Gel. b) Weight loss of 0/1, 1/7, and 1/2 Ser/Gel nanofibers. Reproduced with permission.[125] Copyright 2021, Elsevier B.V. B–a)
The appearance of degraded PU, PU/CS, PU/CS/0.5%E, and PU/CS/1%E nanofibers. b) The weight loss measurements for each nanofiber at various
time intervals (5, 10, 20, 30, and 60 days). Reproduced with permission.[126] Copyright 2023, Wiley Periodicals LLC. C) The degradation profiles of
Zein/PCL (70:30)/Collagen, Zein/PCL (90:10)/Collagen, Zein/PCL (80:20)/Collagen, and Zein/PCL (70:30)/Collagen/Alv/ZnO nanofiber. Reproduced
with permission.[127] Copyright 2020, Elsevier B.V.

(70:30)/Collagen, Zein/PCL (90:10)/Collagen, and Zein/PCL
(80:20)/Collagen nanofibers. They further developed Zein/PCL
(70:30)/Collagen/Aloe-vera (Alv)/Zinc oxide (ZnO) nanofibers by
incorporating Alv and ZnO into the Zein/PCL (70:30)/Collagen
blend. The degradation profiles of each type of nanofiber were
evaluated over time, as shown in Figure 4C. The results showed
that Zein/PCL (70:30)/Collagen/Alv/ZnO nanofibers, contain-
ing Alv and ZnO nanoparticles exhibited a higher degradation
rate than the other fiber types. After 30 days, the nanofibers lost
≈56% of their initial weight. This enhanced degradation can
be attributed to the presence of Alv, which reduces the number
of intermolecular interactions among collagen molecules and
facilitates degradation.[127]

6. Effects of Micro/Nano-Fabrication ECM on
Macrophage Polarization

6.1. Classification of Macrophage Polarization

The skin tissue is complex and consists of various cell types.
Macrophages are found in various skin tissues.[128] Their types
and functions are briefly discussed below and listed in Table 5.

Macrophages play a crucial role in regulating the wound-
healing process. Their phenotypes evolve with the stage of wound
healing.[129] In general, macrophages observed within wounds
originate from various sources. They can be classified into two
distinct types based on their respective roles in wound healing.
Traditionally, they are classified into the classically activated pro-
inflammatory M1 phenotype and the alternatively activated anti-
inflammatory M2 phenotype. As depicted in Figure 5B, it can
be observed that during the early stages of wound healing, the
macrophages within the wound are mostly of the M1 phenotype,
and they transition to the M2 phenotype at ≈5 to 7 days (≈80–
85%).[130]

Macrophages play a crucial role in wound healing. Collectively,
these functions contribute to the overall healing process by facil-
itating tissue repair and regeneration. The following roles high-
light the importance of macrophages in wound healing:

First, macrophages are responsible for phagocytosis and clear-
ance. They engulf and eliminate bacteria, cellular debris, and
dead cells in the wound area, thereby creating a clean envi-
ronment for healing. Second, macrophages produce enzymes
that aid in tissue digestion. These enzymes help break down
necrotic tissue, facilitating the removal of damaged or non-viable
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Table 5. Macrophage surface markers for skin regeneration.

Macrophage type Tissue location Surface main markers Functions References

Langerhans cells Epidermis CD207, Cd1a,

E-cadherin

Presence in the early stages of wound healing,
initiation of immune responses, control of
inflammation, promotion of upper body closure

[136–138]

Dermal
macrophages

Dermis CD11b, F4/80, CD163,
CD64

Responses to pathogens, inflammation and tissue
remodeling and maintains tissue homeostasis

[14, 139]

Dermal

dendritic cells

Dermis CD11c, CD1a, CD207,
CD209

Antigen presenting cells, accelerated early wound
healing, promote angiogenesis, generate ECM
components

[140–142]

Subcutaneous
macrophages

Dermis (subcutaneous
tissue)

CD40, CD206,

CD163

Immune control, anti-inflammatory [143, 144]

Inflammatory
Macrophages

Sites of inflammation or
tissue damage

CD14, CD163 Transmission of inflammatory cytokines, regulation
of inflammation, modulation of the inflammatory
microenvironment

[145, 146]

Tissue-resident
macrophages

Most tissues in the body CD64, CD163, F4/80,
CD206, CD169

Clearance of dead cell debris, tissue immune
surveillance, response to infection and resolution
of inflammation, tissue development and
remodeling, tissue homeostasis

[147–149]

CD11b, Cd1a, CD11c, CD207, CD209, CD40, CD206, CD163, CD14, CD64, CD169 Cluster of differentiation 11b, 1a, 11c, 207, 209, 40, 206, 163, 14, 64, 169).

tissue from the wound site. Macrophages also promote cell mi-
gration, proliferation, and survival. They release various signal-
ing molecules and growth factors that attract and guide other
cells involved in wound healing. In addition, macrophages pro-
vide a supportive microenvironment that promotes the prolif-
eration and survival of cells necessary for tissue regeneration.
Furthermore, macrophages contribute to angiogenesis and the
formation of new blood vessels. They attract endothelial cells,
which are essential for the development of new blood vessel
networks that supply oxygen and nutrients to healing tissues.
Macrophages are also involved in the synthesis of ECM com-
ponents. The ECM provides structural support to cells and aids
in tissue organization. Macrophages contribute to ECM synthe-
sis by producing various components, including collagen and
FN. Finally, macrophages produce matrix-remodeling enzymes
that participate in ECM remodeling. These enzymes help break
down and rearrange the ECM, allowing for tissue restructuring
and wound closure. Macrophages play diverse critical roles in
wound healing. They phagocytose and clear debris, produce en-
zymes for tissue digestion, promote cell migration and prolifer-
ation, facilitate angiogenesis, contribute to ECM synthesis, and
produce matrix-remodeling enzymes. Through these functions,
macrophages actively contribute to wound healing and facilitate
tissue repair and regeneration.[131]

6.1.1. Classically Activated Polarization

In infected tissues, macrophages are initially polarized to the M1
phenotype to aid host defense against pathogens. A key aspect
of macrophage polarization is the alteration in the expression of
cell surface markers. M1 macrophages overexpress CD80, CD86,
and CD16/32 and secrete inflammatory cytokines.[132] During
the pro-inflammatory phase of wound healing, M1 macrophages
dominate, and exhibit increased phagocytic activity and produc-

tion of pro-inflammatory cytokines, thereby promoting innate
immunity and wound fragmentation. They contribute to wound
sterilization and removal of necrotic tissue through their high
phagocytic activity. Furthermore, M1 macrophages stimulate the
activation of other immune cells in the initial stages of the
wound-healing process.[129,130] M1 macrophages are stimulated
by Th1 cytokine interferon-gamma (IFN-𝛾), lipopolysaccharide
(LPS), and TNF-𝛼. They secrete IL-12, IL-6, IL-1𝛽, and TNF-𝛼
(Figure 5A).[133] LPS promotes the activation of M1 macrophages
through Toll-like receptor (TLR) 4. Additionally, IFN-𝛾 plays a
role in regulating the expression of macrophage genes encod-
ing cytokine receptors, cell activation markers, and cell adhe-
sion molecules. M1 macrophages play a vital role in host defense
against viruses and intracellular bacteria. They generate nitric ox-
ide (NO) and reactive oxygen intermediates (ROI).[134]

6.1.2. Alternatively Activated Polarization

M2 macrophages dominate later in the healing process, are ac-
tivated by various stimuli, and express growth factors such as
VEGF, TGF-𝛽, and IL-10. They help reduce inflammation and
promote tissue generation and remodeling. Based on their func-
tional diversity, M2 macrophages can be categorized into the
subtypes M2a, M2b, M2c, and M2d, as shown in Figure 5A.
These phenotypes represent a continuum of macrophage ac-
tivities that can change based on cellular characteristics and
contextual stimuli rather than being independently segregated.
The M2a macrophages induced by IL-4 and IL-13, secrete IL-
12, IL-8, IL-10, and other anti-inflammatory cytokines, thereby
suppressing inflammation, promoting wound resolution, and
facilitating Th2-type immune responses.[130] Furthermore, con-
tributes the ECM formation and supports angiogenesis.[129] M2b
macrophages are induced by immune complexes and IL-1𝛽 and
secrete both pro-inflammatory and anti-inflammatory cytokines
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Figure 5. A) Classification of macrophages: M1, M2a, M2b, M2c, M2d, and their functions. Reproduced with permission.[130] Copyright 2021, Wiley-VCH
GmbH. B) Polarization of macrophages and their role in the wound healing process. Reproduced with permission.[34] Copyright 2022, Oxford University
Press.
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Table 6. Topology of nanofibers regulate the macrophage polarization.

Materials Polarization Gene markers Application References

Anisotropy Poly(L-lactide) M2 phenotype Arg-1, IL-4,

IL-10, TGF-𝛽, iNOS,
TNF-𝛼, IL-1𝛽

Facilitated

wound healing

[155]

Fish collagen,
poly(lactide-co-glycolide)

M2 phenotype IL-10, CD68, TGF-𝛽 Promote

wound healing

[156]

Tazarotene, poly(𝜖-caprolactone),
hexafluoroisopropanol

M2 phenotype VEGF-A Facilitates wound healing by
promoting angiogenesis

[157]

Isotropy Poly(𝜖-caprolactone),
hexafluoroisopropanol

M2 phenotype Arg-1, CD163,
CD206, IL-4,

TGF-𝛽, iNOS,

Immunomodulatory effects [158]

Poly(L-lactide), heparin General phenotype CD68 Wound healing effect [159]

Polylactic acid, polyethylene
glycol, platelet, thymosin 𝛽4

M2 phenotype TNF-𝛼, IL-10,
CD206,

Chronic diabetes wound healing [160]

Arg-1, Arginase-1); IL-4, IL-10, IL-1𝛽, Interleukin-4, 10, 1𝛽); TGF-𝛽, Transforming Growth Factor-𝛽); iNOS, inducible Nitric oxide Synthase); TNF-𝛼, Tumor Necrosis Factor-𝛼);
CD68, Cluster of Differentiation 68); VEGF-A, Vascular Endothelial Growth Factor A).

such as IL-6, IL-10, IL-1𝛽, and TNF-𝛼. Based on this cytokine pro-
file, M2b macrophages regulate the magnitude and depth of the
immune and inflammatory responses. M2c macrophages, also
known as deactivated macrophages, are induced by glucocorti-
coids and TGF-𝛽. They secrete IL-10, TGF-𝛽, CCL16, and CCL18
and play an important role in processes involving apoptotic
cells.[133] M2c macrophages play a role in regulating inflamma-
tion during wound healing and in promoting angiogenesis.[130]

M2d macrophages are induced by TLR and adenosine A2A re-
ceptor agonists and play a role in blood vessel creation.[135]

6.2. Micro/Nanostructures Regulate the Macrophage
Polarization

6.2.1. Anisotropy and Isotropy Topology of Nanofibers

Macrophages are highly plastic and can be activated by var-
ious stimuli in their microenvironment[150]. It is convention-
ally believed that the surface chemistry of biomaterials reg-
ulates the immune response. However, recent research sug-
gests that the arrangement of the isotropic or anisotropic topol-
ogy of nanofibers can also influence macrophage polarization
(Table 6).[130] An anisotropic topology refers to a property that
is directionally dependent. This is defined as the difference in
the physical characteristics of a specific material measured along
different axes. Isotropic topology is a characteristic opposite to
anisotropy, indicating a state with no specific direction or pre-
ferred orientation.[151]

Several studies have provided insights into this phenomenon.
For example, Ren et al. fabricated anisotropic nanofibers us-
ing PCL and PEG to understand their effects on macrophage
polarization. Immunofluorescence staining was conducted for
the M1 phenotype marker iNOS and the M2 phenotype marker
Arg-1 to analyze macrophage polarization (Figure 6A). The re-
sults showed significantly positive staining for iNOS in the PCL
group, whereas it was lower in the L-PECL (3% PEG, 9% PCL)

and H-PECL (9% PEG, 3% PCL) groups. Arg-1 expression was
the highest in the H-PECL group, indicating an opposite trend.
This suggests that PCL fibers induce macrophage polarization
toward the M1 phenotype while incorporating PEG reduces this
shift and promotes polarization toward the anti-inflammatory
M2 phenotype.[152] In another study, Huang et al. investigated
the effects of anisotropic PLGA and AS (Asiaticoside)/PLGA
nanofibers on the phenotype shift of macrophages. As shown
in Figure 6B–a, noticeably less stained area was observed for
anisotropy AS-PLGA after 2 weeks (with an IOD/area of 14.64 ±
2.282%) and 4 weeks (with an IOD/area of 12.97 ± 1.316%) com-
pared to PLGA, indicating a reduced number of CD86-positive
cells, a marker for M1 macrophages. In contrast, the expression
of CD163, a surface marker for M2 macrophages, was higher af-
ter 2 weeks (with an IOD/area of 6.810 ± 1.528%) and 4 weeks
(with an IOD/area of 8.634 ± 1.993%) (Figure 6B—b).[153]

Nakkala et al. fabricated isotropic electrospun PCL/ Dimethyl
itaconate (DMI) nanofibers (Figure 6C–a). As shown in
Figure 6C–b, the PCL/DMI3.3% and PCL/DMI6.6% nanofibers
transplanted into the skin exhibited ≈30% CD86-positive inflam-
matory cells, which is a marker for M1 macrophages, after 3 days.
This ratio further decreased to ≈15% after 7 days. In contrast,
the ratio of CD206-positive anti-inflammatory cells, a marker of
M2 macrophages, increased from ≈5% on day 3 to 25.1% and
32% on day 7 for the PCL/DMI3.3% and PCL/DMI6.6%
nanofibers, respectively. This suggests that isotropically
electrospun PCL/DMI nanofibers promote macrophage
polarization.[154]

Jia et al. applied macrophages to nanofiber scaffolds after fabri-
cating isotropic and anisotropic P(LLA-CL) nanofibers. As shown
in Figure 6D–a, on isotropic nanofibers, macrophages exhibited a
typical pancake shape on anisotropic nanofibers, whereas they as-
sumed an elongated form. This observation was consistent with
the results of the rhodamine-phalloidin staining. Moreover, the
proportions of Arg1 (M2 macrophage marker) and iNOS (M2
macrophage marker) positive macrophages were higher in both
the isotropic and anisotropic scaffolds than in the control group
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(Figure 6D–b). This suggests that the nanofiber scaffolds activate
macrophage polarization.[150]

6.2.2. Effect of Biomaterials on Macrophage Polarization

Micro/nanostructured biomaterials exhibit diverse structural or
mechanical features through various structural forms and re-
lease cytokines in a spatiotemporal manner, mimicking com-
plex physiological signaling patterns. They can also act as
immunomodulators.[130]

M1 macrophages are necessary to achieve complete healing
during the initial stages of inflammation. However, if M1 activa-
tion becomes excessive or prolonged, it can worsen inflammatory
responses and impair tissue regeneration. Therefore, it is impor-
tant to regulate the transition from the M1 to M2 phenotype, and
biomaterials can be utilized for this purpose. Biomaterial-based
approaches for macrophage modulation involve modifying the
composition, surface properties, and mechanical characteristics
of materials. One example is hybrid biomaterials of substances
combined with metal ions (e.g., magnesium, zinc, and stron-
tium). Bessa-Gonçalves et al. demonstrated that a scaffold com-
bining fibrinogen, a protein involved in the healing process, with
10 mM magnesium (FgMg10) could regulate inflammation and
promote M2 macrophage polarization in vivo.[161]

Liu et al. used co-electrospinning to fabricate PCL and
epECM scaffolds. Macrophages within the PCL scaffolds ap-
peared mostly rounded and non-spreading. In contrast, cells
within the PCL-epECM/H and PCL-epECM/H-IL-4 scaffolds ex-
hibited an elongated spreading phenotype. Furthermore, the
macrophages within the PCL-epECM/H-IL-4 scaffolds exhibited
the highest aspect ratio, and their elongation tended to increase
over time (Figure 7A–a). Macrophage elongation and polariza-
tion are closely related. Macrophage elongation plays a role in
regulating inflammation and transmitting the signals necessary
for tissue regeneration and healing. Immunofluorescence co-
staining of CD68 and CD206 revealed that on days 1 and 3,
the number of CD206+ cells in the PCL-epECM/H and PCL-
epECM/H-IL-4 scaffolds was significantly higher than that in the
PCL scaffolds (Figure 7A—b).[162,163] Therefore, this study sug-
gests that hybrid micro/nanofiber scaffolds can provide a favor-
able microenvironment for tissue regeneration and healing. In
another study, Liu et al. dissolved PCL and gelatin in a specific
ratio and added magnesium oxide (MgO) at concentrations of
0% and 0.5%. The solution was then electrospuned to obtain
nanofibers labeled with PCL/gelatin and MgO-0.5, as shown in
Figure 7B. As indicated in the figure, an increase in the mark-
ers of M2 macrophages, CD206/CD86, was observed in each
group, with particularly high quantitative results in the posi-
tive area, especially in MgO-0.5.[164] Niu et al. performed cell
diffusion fluorescence microscopy analysis of collagen and HA-
collagen nanofibers for 48 h. The results revealed distinct differ-

ences in the extent of cell elongation between the collagen and
HA-collagen nanofibers. Macrophages on collagen nanofibers ex-
hibited pancake-like morphology, whereas those on HA-collagen
nanofibers displayed an elongated shape. SEM images further
confirmed this phenomenon. Additionally, the elongation index,
determined by dividing the length of the longest axis by the
width around the nucleus, was higher for macrophages grown
on HA-collagen nanofiber surfaces than those grown on colla-
gen nanofibers (Figure 7C). To evaluate the polarization state of
macrophages, the expression of iNOS and Arg-1 was assessed
using western blotting. Macrophages cultured on HA-collagen
nanofibers exhibited higher levels of Arg-1 than those cultured on
collagen nanofibers. Furthermore, pancake-shaped macrophages
expressed iNOS, whereas elongated macrophages expressed Arg-
1. This suggests a correlation between M2 macrophage polar-
ization and elongated cellular morphology. These findings indi-
cate that macrophages cultured on HA-collagen nanofibers dis-
play an elongated morphology, higher expression of Arg-1, and
more pronounced M2 polarization than macrophages on colla-
gen nanofibers.[165] Similarly, Taskin et al. categorized samples
into five groups: pure gelatin and various ratios of NCO-sP(EO-
stat-PO)/gelatin (1:3, 1:2, 1:1, and 2:1). Macrophages cultured on
electrospun meshes with different NCO-sP(EO-stat-PO)/gelatin
compositions were examined for changes in their differentiation
patterns through gene expression analysis. After 7 days of cul-
ture, the expression of CD163 and CD206, markers of M2 po-
larization, increased in all samples except for the 2:1 ratio sam-
ple (compared with the reference sample, pure gelatin on day 1;
reference line at 1). The pro-inflammatory genes IL-1𝛽 and IL-8,
markers for M1 polarization, were downregulated after 7 days.
The differentiation toward an M2-like phenotype and the de-
crease in inflammatory markers demonstrate that NCO-sP(EO-
stat-PO)/gelatin hydrogel nanofibers can induce immunomodu-
latory effects on human macrophages.[166]

In another study, Liu et al. produced SF/PLLA nanofibers with
mass ratios of 0/100, 20/80, 35/65, and 50/50 and designated
them as S/P-0/100-S, S/P-20/80-S, S/P-35/65-S, and S/P-50/50-
S, respectively. As shown in Figure 7D–a, the nanofibers exhib-
ited an anisotropic structure. To visualize the inflammatory re-
sponse to the four types of SF/PLLA nanofibers, immunofluores-
cent staining of CD68, a marker for macrophages, was performed
(Figure 7D–b). The results showed that the expression of CD68
was the highest in S/P-0/100-S. This indicates that the effective
polarization of macrophages occurs in S/P-0/100-S.[167]

Yu et al. performed RT-PCR to investigate the effects of porous
PLA-based nanofiber membranes on macrophage polarization.
Lipopolysaccharide (LPS, 500 ng mL−1), a potent activator of the
inflammatory response, was used to induce macrophage polar-
ization toward the pro-inflammatory M1 phenotype. As shown
in Figure 7E, after 24 h of co-culture, LPS significantly increased
the expression of pro-inflammatory genes (IL-6, IL-1𝛽, TNF-𝛼).

Figure 6. A) Schematic polarization of macrophages cultured in PECL nanofibers and immunofluorescence analysis of iNOS and Arg-1. Reproduced
with permission.[152] Copyright 2023, Springer Nature. B) Immunohistochemical analysis of a) M1 and b) M2 macrophage infiltration on PLGA and AS-
PLGA nanofiber scaffolds. Reproduced with permission.[153] Copyright 2019, Wiley Periodicals, Inc. C–a) Schematic diagram of PCL nanofibers loaded
with DMI. b) Flow cytometry scatter plots of CD86- and CD206-positive cells for subcutaneously implanted PCL, PCL/DMI1.65%, PCL/DMI3.3%, and
PCL/DMI6.6% nanofibers on days 3 and 7. Reproduced with permission.[154] Copyright 2021, Wiley-VCH GmbH. D–a) SEM and b) rhodamine-phalloidin
staining images of macrophage morphology on isotropy and anisotropy P(LLA-CL) nanofiber membranes. Reproduced with permission.[150] Copyright
2018, Elsevier Ltd.
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In contrast, the PLA/SCS, PLA/SCS/PDA, and PLA/SCS/PDA-
GS groups showed reduced expression of the pro-inflammatory
genes. In particular, the PLA/SCS and PLA/SCS/PDA groups
exhibited increased expression of anti-inflammatory genes (IL-
4, IL-10, and Arg-1).[168] Ryma et al. spontaneously differen-
tiated monocyte-derived macrophages, which were examined
for the secretion of cytokines, including IL-6, IL-8, IL-10, IL-
1𝛽, TNF- 𝛼, and TGF- 𝛽1, in the cell culture medium after
days 3 and 7. On day 7, there was a significant increase in
the release of the M2 marker IL-10 from fibril scaffolds com-
pared with that from fiber scaffolds (POx and PCL) and col-
lagen fibrils. Additionally, on day 3, the macrophages cultured
on POx samples exhibited significantly higher IL-10 secretion.
TGF-𝛽1, a fibrotic-related M2 marker, showed the lowest release
on collagen samples compared with synthetic materials, with
no significant differences observed between the 3D and 2D col-
lagen samples. Conversely, TGF-𝛽1 secretion was significantly
lower on POx and PCL fibrils than on fiber scaffolds. More-
over, the release of M1 markers TNF-𝛼, IL-6, IL-8, and IL-1𝛽
was minimal on fiber scaffolds, exhibiting a decline or consis-
tently low levels throughout the culture period. In contrast, on
fibril scaffolds, the secretion of IL-1𝛽 and TNF-𝛼 started at el-
evated levels on day 3 and exhibited a substantial decline over
time.[169]

7. Application in Skin Tissue Regeneration

Macrophages can polarize into classically activated M1 and
alternately activated M2 macrophages, making them capable
of treating damaged skin tissue. In addition, electrospun mi-
cro/nanofibers produced using natural and synthetic materials
can serve as scaffolds with ECM-like structures that support skin
regeneration and tissue formation. The applications of these in-
novative technologies and materials for skin tissue regeneration
are discussed below and given in Table 7.

Gao et al. fabricated PLGA nanofibers using electrospin-
ning and coated them with membranes derived from LPS and
IFN-𝛾 activated macrophages (RCM). Subsequently, RCM-fiber-
BMMSCs loaded with bone marrow-derived MSCs (BMMSCs)
were prepared (Figure 8A–a), and the effects of these compounds
on wound healing in diabetic rats were investigated. As shown
in Figure 8A–b, the group treated with RCM-fiber-BMMSCs ex-
hibited a drastic increase in wound closure compared with the
other four groups from day 5 onwards. Additionally, the skin re-
generated by RCM-fiber-BMMSCs demonstrated a mature ep-
ithelial structure with less thinning of the epidermis, confirm-
ing the rapid regeneration effect of the epidermal skin. More-
over, the anti-inflammatory effects were also investigated. The
proportion of F4/80+CD86+ and F4/80+TNF-𝛼+ macrophages
in the wound area was minimized with RCM-fiber-BMMSCs
treatment. In contrast, the proportion of F4/80+CD206+

macrophages was the highest after 7 days of treatment. This in-
dicates that RCM-fiber-BMMSCs contribute to reducing inflam-
mation in wounds.[170] Also, Zhang et al. investigated the thera-
peutic effects of a silk fibroin/gelatin (SF/GT) nanofiber dressing
loaded with astragaloside IV (AS) on acute wounds. Rats with
deep epidermal injuries on their dorsal surfaces were treated
with saline, blank nanofiber dressing (blank control), AS solu-
tion, or AS-loaded SF/GT nanofiber dressing. The results showed
that wounds treated with the AS-loaded SF/GT nanofiber dress-
ing exhibited significantly higher wound closure rates than the
control groups at 3, 6, and 9 days post-treatment. Additionally,
VEGF content and the number of macrophages in the wound
area significantly increased 7 days post-treatment compared with
the control groups. Scanning electron microscopy and histo-
logical analyses confirmed the enhanced scar inhibition effect.
This suggests that the AS-loaded SF/GT nanofiber dressing ef-
fectively promotes wound healing and has scar-inhibiting ef-
fects, making it a promising therapeutic agent for treating acute
wounds.[171]

In another study, He et al. developed a PCL/Quaternized
chitosan-graft-polyaniline (QCSP) nanofiber wound dressing
that promoted wound healing. As shown in Figure 8B–a, Tega-
derm film and the PCL/QCSP0 and PCL/QCSP15 groups exhib-
ited low TNF-𝛼 expression throughout the entire wound healing
period, indicating that QCS and polyaniline endowed antimicro-
bial abilities to the wound dressing to reduce inflammation. Ad-
ditionally, PCL/QCSP15 showed significantly higher VEGF ex-
pression than Tegaderm. This suggests that PCL/QCSP15 accel-
erates wound healing more than Tegaderm film. Additionally, the
antibacterial activity of the PCL/QCSP nanofiber wound dress-
ing was evaluated. The results showed excellent killing ratios (>
90%) against both S. aureus and Escherichia coli for all PCL/QCSP
groups except for PCL/QCSP0 (Figure 8B–b). This implies that
PCL/QCSP nanofiber wound dressings possess antibacterial
properties, reduce bacterial load, and decrease inflammation in
the wound, ultimately enhancing the rate of wound healing.[172]

As well, Wu et al. developed an ECM-like gelatin nanofiber matrix
to modulate macrophages and induce anti-inflammatory effects.
After 4 h of macrophage culture, the number of macrophages on
the nanofiber matrix (634 ± 40 cells mm−2) was twice as high
as that on the film (240 ± 25 cells mm−2). Furthermore, after 24
h of culture, the number of macrophages on the nanofiber ma-
trix (1240 ± 98 cells mm−2) was significantly higher than that
on the film (760 ± 112 cells mm−2). Moreover, ≈80% of the
macrophages maintained a round morphology on the nanofiber
matrix, whereas this proportion was ≈50% on the film. Addi-
tionally, some macrophages spread out in a flat shape on the
film. Many macrophages can activate inflammatory responses
and promote the processes necessary for wound healing. In
addition, the round morphology of the macrophages facilitates
film interactions with other cells, aiding tissue regeneration and

Figure 7. Effect of micro/nano biomaterials fibers in macrophage polarization. A–a) SEM showing the morphology of macrophages cultured on different
scaffolds on days 1 and 3. b) The number of CD206+ cells in each respective scaffold. Reproduced with permission.[162] Copyright 2022, Elsevier B.V. B)
Representative immunofluorescence images of wound tissue sections stained with CD206/CD86 on days 7 and 14. Reproduced with permission.[164]

Copyright 2022, Wiley Periodicals LLC. C) The shape of macrophages in Collagen and HA-collagen nanofibers. Reproduced with permission.[165] Copy-
right 2021, Springer Nature. D–a) Experimental design schematic. b) CD68 (red) immunofluorescence staining images of 0/100-S, S/P-20/80-S, S/P-
35/65-S, and S/P-50/50-S nanofibers. Reproduced with permission.[167] Copyright 2022, Elsevier Ltd. E) The relative gene expression fold of Raw 264.7
cells in each group after 24 h. Reproduced with permission.[168] Copyright 2023, Springer Nature.
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Table 7. Properties of nanofibers applied to skin tissue regeneration.

Nanofibers Size [nm] Properties Cell line Application References

Graphene
nanosheet-chitosan/gelatin

106 ± 30

(0.15% GNS)

Porosities (0.15%
GNS):

90%

Normal human
fibroblast

Normal human fibroblasts cell:

Uniform distribution, more
intense formation,

Percent of in vitro wound
closure:

97% (after 48 h)

[179]

PU/EEP-PCL/Gelatin 237.3 ± 65.1 Elongation at maximum
load 45.9 ± 3.3%,

tensile strength 1.7 ±
0.9 MPa

L929 fibroblast Area percentage of the wound
area

(days 1, 5, 10, and 15
respectively):

98.2%, 42.1%, 25.4%, and 8.5%

[180]

Chitosan/poly (ethylene
oxide)/collagen/curcumin

75 ± 0.91 Young’s modulus

6151 ± 270 Pa

Human dermal
fibroblast (HDF)

Average wound area (days 5, 10,
15, and 20 respectively):

36% ± 18%, 73% ± 11%, 91% ±
4.5%, 97% ± 0.9%

[181]

Poly (3- hydroxybutyric acid)/
gelatin- coccinia grandis leaf
extract-collagen

240 ± 30

(average)

Young’s modulus [MPa]

2.99 ± 0.16

NIH 3T3 fibroblast,
HaCaT keratinocytes

NIH 3T3 fibroblast, HaCaT
keratinocytes:

Significant increase in cell
survive (after 7 days)

[182]

Chitosan-gelatin/ hyaluronic acid 217.5 ± 40.7 Tensile strength /
Young’s modulus
[MPa]

9.11 ± 0.94 / 208 ± 20

Human dermal
fibroblasts (HDF)

HDF cell:

Significantly higher proliferation
rates (during the first 24 h),

wound

(14 days after treatment):

Almost sutured

[183]

PEU4:6(PCL:dECM(%) = 40:60) 72.18 ± 5.47 Tensile strength [MPa],
elongations
[mm/mm]

3.7 ± 0.2 / 0.6 ± 0.1

Human dermal
fibroblast (HDF),

HaCaT keratinocytes

Wound area

(days 7, 14, 21 respectively):

42.1% ± 13.8%, 7.2% ± 3.4%,
1.3% ± 1.0%

[184]

Hyaluronic acid-silk fibroin/Zinc
oxide (3 wt%)

178 ± 17 Tensile modulus [MPa]
/ breaking strain [%]

7.12 ± 0.17 / 40.12 ±
0.18

HaCat keratinocytes Wound closure

(days 0 and 7 respectively):

33.13 ± 2.31%, 55.02 ± 1.35%

[185]

Catechol-functionalized hyaluronic
acid/gelatin

≈450 to 550 Tensile strength [kPa]

46.1 ± 16.3

NIH/3T3 fibroblasts NIH/3T3 fibroblasts: adhesion
to the matrix surface of
nanofiber,

Wound area:

35% decreased (for 7 days)

[186]
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healing. In this regard, a nanofiber matrix is considered more
effective than a film for wound healing.[173]

Chen et al. designed electrospun fibers coated with inner–
outer IL-10 to programmably activate sequential immune re-
sponses during wound healing. They constructed electrospun
PLA fibers without IL-10 loading (PF), electrospun fibers loaded
with IL-10 internally, and electrospun fibers loaded with IL-10 ex-
ternally to investigate the release characteristics of IL-10-loaded
electrospun fibers (Figure 9A–a). After seeding fibroblast cells
onto the electrospun meshes of the PF, In-IL-10@PF, PF@Ex-
IL-10, and PF-IL-10 groups, all four groups showed strong at-
tachment and significant proliferation of fibroblasts on the fiber
surfaces after 3 days (Figure 9A–b). This indicates excellent bio-
logical compatibility for all four groups. To evaluate the biological
effects on macrophages (Figure 9A–c), macrophages stimulated
with PF and PF-IL-10, with high expression of CD163 and CD206,
were polarized into M2 macrophages. Additionally, the TGF-𝛽1
concentration in the PF-IL-10 group reached 3.6 times that of the
control group. This suggests that PF-IL-10 can suppress inflam-
mation and contribute to scarless wound healing.[174] Similarly,
Zhong et al. developed RA-BSP-PVA@PLA nanofibers, where
RA represented rosmarinic acid, BSP represented Bletilla stri-
ata polysaccharide, PVA represented polyvinyl alcohol, and PLA
represented polylactic acid. To demonstrate the wound healing
effects, the wound closure rates were measured on days 5, 10,
and 15 of treatment. As shown in Figure 9B, RA-BSP-PVA@PLA
nanofibers reduced wound size compared with the other groups
on days 5 and 10 of treatment, indicating the potential of RA-
BSP-PVA@PLA as a wound dressing material. Furthermore, on
the 5th day after RA-BSP-PVA@PLA treatment, the expression of
CD206, a marker for M2 macrophages, reached the maximum
among the four groups. In contrast, the control group achieved
high levels of CD86 and minimal levels of CD206 even on the 10th

day, preventing the transition to subsequent healing stages. This
suggests that RA-BSP-PVA@PLA promotes wound healing.[175]

Sheikholeslam et al. characterized an elastic scaffold that could
promote skin regeneration by developing a novel tissue engi-
neering support material. In this study, a gelatin-based elec-
trospun polyurethane (PU)-Gelatin scaffold was prepared us-
ing biodegradable PU. F4/80 staining for immune fluorescence
imaging revealed a significant presence of macrophages in the
wound area on the Gel80−PU20 scaffold. Furthermore, using
CD206 as a marker for M2-type macrophages in the stained sec-
tions demonstrated that macrophages were present within the
scaffold. Moreover, in vivo, the Gel80-PU20 scaffold underwent
degradation in the wound environment and allowed deeper cell
infiltration when applied to mouse wounds. This demonstrated
the potential of electrospun Gel80-PU20 scaffolds to generate tis-
sue substitutes and overcome the limitations of existing wound
healing matrices.[176] Zhou et al. developed chitosan (CS)/PCL
nanofibers containing zinc ions (Zn). To evaluate the antibac-
terial performance of the nanofibers, the shake flask method
was employed using E. coli and S. aureus. The results showed

that CS/PCL nanofibers without zinc ions exhibited antibacte-
rial rates of 30.8 ± 2.1% for E. coli and 30.2 ± 1.4% for S.
aureus, whereas CS-Zn/PCL nanofibers with zinc ions showed
excellent antibacterial rates of 90.0 ± 1.5% and 87.5 ± 4.2%
for E. coli and S. aureus, respectively. These findings indicate
that the CS-Zn/PCL nanofibers possess outstanding antibacte-
rial activity, protecting against microbial infections and promot-
ing wound healing. Furthermore, the expression of representa-
tive inflammatory factors, IL-6 and TNF-𝛼, was detected using
ELISA kits. The results revealed that the CS-Zn/PCL nanofibers
significantly inhibited the expression of these factors compared
to CS/PCL nanofibers. Additionally, the CS-Zn/PCL nanofibers
exhibited high levels of CD206 expression, suggesting that zinc
ions may regulate the polarization of pro-inflammatory (M1)
macrophages to immunomodulatory (M2) macrophages, thereby
modulating inflammatory responses. Based on these results, it
can be inferred that the CS-Zn/PCL nanofibers promote wound
healing.[177]

Zhang et al. also utilized chitosan in employing an electrospin-
ning strategy to develop CS-PVA-ANE (Pulsatilla, anemoside B4)
nanofiber dressings. The reduction in blood loss may accelerate
wound healing by promoting blood clotting. Results from assess-
ing blood loss in mice 60 s after injury revealed a significant de-
crease of 32.7 mg in the sample I (CS-PVA) group, and all sample
II (CS-PVA-0.1 ANE), sample III (CS-PVA-0.2 ANE), sample IV
(CS-PVA-0.3 ANE), and sample V (CS-PVA-0.4 ANE) groups ex-
hibited lower blood loss compared with the control group. This
hemostatic property arises from chitosan-induced red blood cell
and platelet aggregation (Figure 9C–a). Additionally, flow cytome-
try analysis showed that 19.8% of M0 macrophages differentiated
into the M1 phenotype, and after pretreatment with the CS-PVA-
ANE supernatant, 64.6% differentiated into the M2 phenotype
(Figure 9C–b). This indicates that the CS-PVA-ANE nanofibers
effectively convert macrophages from the M1 to the M2 pheno-
type, demonstrating potent anti-inflammatory properties.[178]

8. Conclusion and Future Perspective

This review provides information on micro/nanofibers with
ECM-mimicking anisotropic and isotropic topologies for skin tis-
sue regeneration and the modulation of macrophage polariza-
tion. Electrospun fibers have been shown to effectively regulate
the expression of essential cytokines, growth factors, and ECM
components that are crucial for tissue repair. Moreover, owing to
their excellent physical and biological properties, they are consid-
ered promising materials for wound healing compared with con-
ventional wound dressings. Micro/nanofibers, obtained by incor-
porating ECM components and bioactive molecules to mimic the
structure and composition of the ECM, possess a structure sim-
ilar to that of the skin tissue, thereby promoting ECM genera-
tion and serving as an excellent scaffold for skin tissue regen-
eration. This structural similarity enhances the attachment and
growth of macrophages. Furthermore, fibers with anisotropic

Figure 8. A–a) Schematic diagram of the fabrication process of RCM-fiber-BMMSC nanofibers. b) Images of wounds on days 0, 5, 10, and 15 in each
group and representative images of H&E staining on day 15 of each group’s day 15 wound (scale bar = 1 mm), high-resolution images of the epidermis,
dermis, and subcutaneous tissue (scale bar = 50 μm). Reproduced with permission.[170] Copyright 2022, Springer Nature. B–a) Immunofluorescence
staining markers with TNF-𝛼 (green) and VEGF (green) of wound tissue regenerated on days 7 and 14. b) Antibacterial activity for S. aureus and E. coli
of PCL/PCSP nanofibers. Reproduced with permission.[172] Copyright 2019, Elsevier B.V.
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Figure 9. A–a) Electrospinning nanofibers schematic with inner-outer IL-10. b) SEM images of fibroblast cells in each group and nuclear fluorescence
staining of live cells on days 1 and 3. c) Statistical analysis of CD163 and CD206 expression. Reproduced with permission.[174] Copyright 2021, Elsevier
B.V. B) Mouse wound healing photo of control, PVA@PLA, BSP-PVA@PLA, and RA-BSP-PVA@PLA. Reproduced with permission.[175] Copyright 2023,
Elsevier B.V. C–a) Hemostatic characteristics of each sample. b) Macrophage flow cytometry patterns stained with CD80 and CD206 of CS-PVA-ANE.
Reproduced with permission.[178] Copyright 2024, Taylor & Francis.
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and isotropic topologies have shown promising results in at-
tenuating M1 macrophage polarization, suppressing inflamma-
tion, and regulating M2 macrophage polarization. These polar-
ization changes are crucial in promoting wound healing and
tissue regeneration. Furthermore, these ECM-mimicking mi-
cro/nanofibers exhibit high biocompatibility, allowing them to
suppress immune and inflammatory responses while minimiz-
ing the risk of infection.

Because of these advantages, micro/nanofibers with ECM-
mimicking anisotropic and isotropic topologies have gained sig-
nificant attention in skin tissue regeneration and have great po-
tential for further advancement. However, further research is re-
quired to enhance skin regeneration and modulate macrophage
polarization. First, developing more efficient delivery systems
for bioactive molecules enhances the biological functionality of
fibers. Second, the control of mechanical strength, elasticity, sur-
face properties, and other characteristics of the fibers provides
an environment that closely resembles the native ECM and skin
tissue, thereby improving the regenerative capacity of the fibers.
The third is the advancement of manufacturing techniques for
mass production and the exploration of more cost-effective ap-
proaches. Finally, investigation of long-term effects and stability
to provide reliable data for clinical applications. Through con-
tinued research in these areas, it will be possible to develop ad-
vanced nanofibers that can effectively promote skin tissue regen-
eration. Further research and development in this field can po-
tentially contribute to more effective strategies for macrophage-
activated wound healing and skin regeneration by altering mi-
cro/nanofiber properties and morphologies.
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