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Electrospun nanofibers for manipulating soft
tissue regeneration
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Soft tissue damage is a common clinical problem that affects the lives of a large number of patients all

over the world. It is of great importance to develop functional scaffolds to manipulate and promote the

repair and regeneration of soft tissues. Owing to their unique composition and structural properties,

electrospun nanofibers have attracted much attention for soft tissue regeneration. Electrospun

nanofibers can be easily constructed and functionally modified to regulate their composition,

morphology, structure, three-dimensional architecture, and biological functions, as well as specific light/

electric/magnetic properties. By integrating multiple types of guidance cues, such as topographical and

biochemical cues and external stimuli, electrospun nanofiber scaffolds can be used to manipulate cell

behaviors and thus facilitate tissue regeneration. In this review article, we have first described the

construction of electrospun nanofibers with specific morphology and topography and their capability of

modulating cell migration, cell morphology, and stem cell differentiation. We have then discussed the

role of electrospun nanofiber scaffolds in promoting the regeneration of different types of soft tissues,

including nerves, skin, heart, blood vessels, and cornea, from the point of view of the anatomical

structures and physiological regeneration processes of tissues. By presenting and discussing the recent

progress of electrospun nanofibers in manipulating soft tissue regeneration, we hope to provide a

possible solution and reference for the repair of tissue damage in clinical practice.

1. Introduction

Due to the increasing incidence of tissue damage caused by
mechanical injuries or cancers, the repair of damaged or
injured tissues has become a major medical problem in the
modern society. Most tissues are not self-healable, and scarring
can be generated even after healing, which seriously hinders
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the functional recovery of damaged tissues, affecting the quality
of life of patients and causing a heavy socioeconomic
burden.1–3 In clinical practice, the most common treatments
for tissue regeneration include autologous and allogeneic trans-
plantation. Although there have been a large number of successful
cases, autologous and allogeneic transplantation still suffers
from insufficient donor area, secondary injury, susceptibility to
infection, immune rejection, and limited donors.4 Therefore,
there is an urgent need to develop tissue regeneration strategies
that are safer and more effective.

The development of tissue engineering and regenerative
medicine has opened up a new era for tissue regeneration by
applying the principles and methods from multiple disciplines
such as life sciences, materials science, clinical medicine,
computer science, and engineering to research and develop tech-
nologies for replacing, repairing, reconstructing or regenerating

human tissues.5 Typically, it is a promising exploration to con-
struct tissue regeneration scaffolds or artificial organs based on
materials made of polymers, metals, ceramics, or their composites
for in vivo implantation to promote the tissue regeneration.6

To this end, the key to realize the scaffold-guided tissue regenera-
tion is providing a tissue-mimicking environment for cell growth
and development.7 Cellular behavior is often regulated by the
extracellular matrix (ECM) and biologically active factors.8 ECM
is an intricate network of macromolecules, which can provide
suitable sites for cell survival and activity, manipulating cell
morphology, metabolism, function, migration, proliferation and
differentiation through signal transduction systems.9,10 Therefore,
constructing regenerative scaffolds that can mimic the structure
and composition of the ECM is an important strategy to promote
tissue regeneration.

Owing to their capability of mimicking the structure and
composition of the ECM, electrospun nanofibers have been
widely applied as tissue regeneration scaffolds.11 Many
natural and synthetic polymers can be directly electrospun
into nanofibers, conferring a diversity of electrospun fiber
compositions.12 Electrospun fibers range from tens of nano-
meters to a few micrometers in diameter, and they are stacked
and connected to each other, with a large specific surface area
and high porosity.13 These properties allow electrospun fibers
to provide a microenvironment that is conducive to cell
development.14 In addition, the physical parameters of electro-
spun fibers, such as composition, size, morphology, structure,
strength, and function, can be well designed and regulated to
meet the requirements of different tissues.15 For example,
electrospun fibers with different ordered structures can be
obtained by varying the collection process to mimic the ordered
structure of the ECM in various tissues. In addition, major
components of the ECM such as laminin and fibronectin, as
well as growth factors, genes, and drugs, can be deposited on
the fiber surface or loaded into the fibers, imparting bioactivity
and versatility to the scaffolds.16–18 Thus, electrospun fibers can
provide not only a fibrous structure and mechanical support,
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but also chemical and biological cues to manipulate cell
behavior and further promote tissue regeneration.19

In the human body, soft tissues, such as nervous system,
heart, blood vessels, and so on, play important roles in support-
ing the functions of the body, and the injuries to soft tissues
have a high incidence and are extremely common in clinics.
The key elements for soft tissue regeneration are to reduce the
inflammatory response, promote angiogenesis, and avoid
scarring.20 Electrospun nanofiber scaffolds have great potential
in the field of soft tissue regeneration. In this review, we discuss
the most recent progress on the construction of electrospun
fibers for promoting and manipulating the regeneration of soft
tissues, which mainly include nerve, skin, heart, blood vessels,
and cornea. Cell behaviors have an important impact on the
process of tissue regeneration, which are critical in deter-
mining the effectiveness of regeneration. We first describe
the manipulation of cell behaviors by electrospun fibers. Then,
we discuss the important role of electrospun fibers in different
physiological processes of soft tissue repair. Finally, we present
an outlook on the treatment of tissue injuries using electrospun
fibers from the view of clinical needs.

2. Electrospun nanofibers for
manipulating cell behaviors

The communication between cells and electrospun nanofibers
is a dynamic and complex process. By varying the raw materials,
parameters, and collection process of electrospinning, it is possible
to obtain fibers with different properties according to the require-
ments, giving them functional versatility. Various biological and
physicochemical properties of electrospun fibers are capable of
inducing specific cellular responses. First, electrospun fibers can
regulate the expression of integrins responsible for cell adhesion,21

which is essential for regulating cell behaviors. Since electrospun
fibers can mimic the structure and composition of the ECM to a
certain extent, the adhesion of electrospun fibers to cells will
contribute to cell migration, cell morphology, and stem cell differ-
entiation. Adhesion is generally followed by cell migration, where
both the speed and distance of cell migration are influenced by the
structure and composition of the fibers. Electrospun fibers can also
modulate cell morphology, which in turn alters intercellular com-
munication and ultimately the function of the tissue. The proper-
ties of electrospun fibers can also affect cell differentiation.

2.1 Preparation and regulation of electrospun nanofibers

Electrospinning technology is widely used for the regeneration
of different tissues due to its versatile process and the variable
operability of polymers. A typical electrospinning device con-
sists of a high voltage power supply, an injection pump, a
spinneret, and a collector. During the electrospinning process,
the liquid for electrospinning is extruded from the spinneret by
the syringe pump to produce a dangling droplet. Upon energi-
zation with the application of a high voltage, the same charges
will be accumulated on the surface of the droplet, and the
electrostatic repulsion among the charges can deform the droplet

into a Taylor cone. By increasing the voltage to a critical value,
an electrically charged jet will be ejected from the cone. The jet
initially extends in a straight line and then undergoes a violent
whipping motion due to bending instability. When deposited
onto a grounded collector, the jets rapidly solidify into nano-
fibers.11,13,22 When a flat device such as a piece of aluminium
foil is used as the collector, the nanofibers will be deposited in
a random fashion to form a non-woven membrane. By varying
the shapes or architectures of the collectors, nanofibers will be
deposited as different ordered structures. As shown in Fig. 1A,
uniaxially aligned arrays of nanofibers can be collected by
adjusting the mechanical forces using a highly rotated roller,
electrostatic forces generated by using a U-shaped metal, or
magnetic forces generated by a pair of permanent magnets,
respectively. Radially aligned nanofibers can be prepared using
a metal ring in the center and an array of metal pins or beads in
the peripheral position.23 A novel electrospinning technique
was developed to prepare small diameter nanofiber conduits
with different orientations at the same time. Two metal plates
were placed a few centimeters apart, both connected to a DC
negative voltage power supply. An electrically insulated Teflon
rod connected to a rotating motor was introduced between the
metal plates as a collector for the electrospun nanofibers.
By changing the rotational speed, nanofibers of circumferential
orientation and axial orientation could be collected simultane-
ously.24 In addition, by controlling the electrospinning para-
meters, the fibers can be constructed to form a three-dimensional
(3D) structure.25 As shown in Fig. 1B, Eom et al. fabricated
nanofibrous scaffolds with 3D structures by utilizing 3D-
structured hydrogels as collectors instead of conventional
metal collectors.26

The diameters of electrospun fibers are mainly in the range
of 20–1000 nm, which can be effectively manipulated by
adjusting the parameters of the electrospinning process including
the applied voltage, the flow rate of the spinning fluid, and the
distance between the spinneret tip and the collector, as well as
environmental conditions such as temperature and humidity.27

For example, a higher voltage is usually beneficial in reducing the
fiber diameter. However, if the voltage is too high, it may also lead
to an increase in fiber diameter by ejecting more liquid.28 When
the applied voltage is low, the generated electric field force is not
high enough to overcome the surface tension of the spinning fluid,
which prevents the stretching of the spinning fluid, thus increas-
ing the fiber diameter. In addition, the flow rate of the spinning
fluid also has an important effect on the fiber diameter. With the
increase in the flow rate, the fiber diameter will be increased
accordingly. The distance between the spinneret tip and the
collector affects the electric field strength and the volatilization
of the spinning fluid. When the distance is short, the insufficient
evaporation of the solvent will result in a larger fiber diameter.
With a longer spacing, the spinning fluid is sufficiently stretched,
resulting in fibers with a smaller diameter.

The matrix type of electrospun nanofibers used for tissue
regeneration greatly depends on the purpose of the study and
the type of target cells and tissues. Natural polymers such as
polysaccharides, gelatin, and collagen show suitable cell attachment
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and differentiation, but their mechanical properties are often poor.
Natural and synthetic materials can be mixed to produce composite
fibers to combine the advantages of both types of materials.
Different materials can also be combined to regulate the properties
of the resultant fibers. For example, the modulus of poly(e-
caprolactone) (PCL) fibers can be decreased or increased by combin-
ing gelatin or polydimethylsiloxane with PCL, respectively.29

Porous fibers can be obtained by the phase separation
between the soluble and insoluble components.30 Small mole-
cules or functional nanoparticles that are responsive to pH,
enzyme, specific molecules, temperature, light, electrical or mag-
netic field can also be integrated to endow multiple functions to
the fibers and the generated scaffolds. For example, gold nano-
particles (AuNPs) can be deposited on the surface of polyvinyl
alcohol (PVA) fibers to allow them to be used as biosensor matrix
materials (Fig. 1C).31 It is also possible to form fibers with a core–
sheath structure from two or more components through coaxial
electrospinning. Such core–sheath fibers have a wide range of
applications as controlled delivery systems. In addition, single- or
multi-pore channel fibers can be formed when calcination of the
core components occurs (Fig. 1D).32 Electrospun fibers are simple
to prepare and can be constructed into a variety of structures, from
two-dimensional (2D) membranes to 3D tubes or porous scaffolds,
playing an important role in modulating cell behavior and promot-
ing tissue regeneration.

2.2 Cell migration

Cell migration is a complex process that involves several sequen-
tial steps of adhesion, polarization, and forward migration.33

There are two main forms of cell migration: single migration

and collective migration.34 In single cell migration, cytoskeleton
reconstruction and posterior myosin contraction are the main
causes of cell migration.35,36 In collective cell migration, the leader
cells are activated by soluble factors and interact with the ECM to
produce polarization, and thus initiate cell migration. Collective
cell migration is further driven by the interaction between the
leader and follower cells (Fig. 2A).29 Cell migration is an important
cell behavior that plays a crucial role in the developmental and
regeneration processes of tissues in the human body. Therefore,
exploring the factors that can influence and manipulate cell
migration has important implications in the design of electro-
spun nanofiber scaffolds for tissue regeneration.

Both topographical and biochemical cues of electrospun
nanofibers are capable of providing signals for cell migration.
An ordered arrangement of nanofibers can provide topographic
cues for cell migration, manipulating their migration in spe-
cific directions and accelerating the rate of migration.37,38

Random nanofibers are unable to provide directional guidance
for cell migration, resulting in smaller displacements of cells in
many different directions. In contrast, aligned nanofibers can
provide specific directions and paths for cell migration through
contact guidance, thereby increasing the rate of migration.
Uniaxially aligned fibers can promote axial cell migration. For
example, NIH-3T3 fibroblasts were cultured on normal tissue
culture plates and uniaxially aligned PCL nanofibers, respectively.39

After 9 days, the cells were stained to observe cell migration.
As shown in Fig. 2B, the farthest migration distance of the cells
on the uniaxially aligned nanofibers was significantly further
than that on tissue culture plates. Moreover, the morphology of
the cells at the forefront all showed a significant stretch along

Fig. 1 (A) Different collectors and SEM images of fibrous scaffolds prepared using the collectors. (B) 3D PCL nanofibrous scaffolds prepared using a 3D
gelatin collector (bottom right) and SEM images of the surface (top left, scale bar = 5 mm). (C) SEM image of PVA fibers loaded with AuNPs. (D) SEM image
of fibers with multiple channels. (A–D) Reprinted with permission from ref. 23: Copyright (2018) Elsevier, ref. 26: Copyright (2020) American Chemical
Society, ref. 31: Copyright (2012) American Chemical Society, and ref. 32: Copyright (2007) American Chemical Society, respectively.
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the axial direction. In addition, radially aligned nanofibers can
promote radial cell migration. For instance, radially aligned
PCL nanofibers were used to simulate the structure of the dura
mater, and dural fibroblasts were cultured on random and
radially aligned nanofibers, respectively.40 On the radially
aligned nanofibers, cells smoothly migrated radially from the
periphery to the center of the nanofibers, while cells on the
random fibers were unable to migrate to the center (Fig. 2C).
This indicated that radial orientation could significantly acce-
lerate and promote cell migration.

The surface chemistry of the aligned fibers and the growth
factors released from the fibers can provide biochemical cues
for cell migration. The combination of topographical cues
and biochemical cues acts synergistically to further promote
cell migration. For example, protein coating on the surface of
aligned fibers can impart bioactivity to fibers, promote cell
adhesion, and enhance cell–fiber interactions. Xie et al. cul-
tured dural fibroblasts on random and radially aligned nano-
fibers with or without fibronectin coating.40 The cell migration
rate was highest when both orientation guidance and fibrin

Fig. 2 Modulation of cell behavior by electrospun nanofibers. (A) Mechanisms of collective cell migration. (B) Fluorescent fiber photographs showing
linear migration of NIH-3T3 fibroblasts on control TCP and aligned scaffolds where the cell migration distance was significantly greater than that of the
TCP group, demonstrating the facilitative effect of uniaxially arranged fibers on cell migration. DAPI (blue) stains the nucleus, anti-newtons (green) stains
newtons, and ghost pen cyclin (red) stains F-actin. (C) Fibroblasts cultured on radially aligned nanofibers and randomly aligned nanofibers for 4 days;
fibroblasts migrated from the periphery to the center along the radial direction of the nanofibers, reaching the center of the scaffold on the fourth day at a
greater rate of migration than cells on randomly aligned nanofibers. Fibroblasts were stained with fluorescein diacetate. (D) Imaging revealed rounded
keratin-forming cells on randomly oriented nanofibers, while keratin-forming cells on aligned uniaxial nanofibers showed elongated morphology and
were oriented along the nanofibers. Nuclei were stained with Hoechst 33342 (blue) and actin filaments were stained with rhodamine ghost cyclopeptide
(red). (E) SCs on random nanofibers were disorganized and did not form a regular cytoskeleton, and SCs on aligned nanofibers were uniformly oriented,
showing a well-arranged actin network. The nuclei of SCs were stained with DAPI (blue), and the actin cytoskeleton was stained with rhodamine ghost
pen cyclic peptide (red). (F) Neurospheres were cultured on randomly oriented electrospun nanofibers, aligned electrospun nanofibers, randomly
electrospun fibers functionalized with GO, and aligned electrospun fibers functionalized with GO. It was demonstrated that the four different fiber
morphologies and surface states resulted in the differentiation of DPSC neurospheres towards osteoblasts, glial cells, fibroblasts, and neurons,
respectively. Neurospheres were immunofluorescently stained with osteoadhesive protein (red), nestin (red), CNPase (green), human fibroblast surface
protein (FU) (red) and S100 (green), and DAPI (blue). (A–F) Reprinted with permission from ref. 29: Copyright (2018) American Institute of Physics, ref. 39:
Copyright (2020) John Wiley and Sons, ref. 40: Copyright (2010) American Chemical Society, ref. 21: Copyright (2011) Elsevier, ref. 45: Copyright (2014)
American Chemical Society, and ref. 51: Copyright (2018) John Wiley and Sons, respectively.
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coating existed simultaneously, demonstrating the role of
protein coating on the surface on cell migration. Furthermore,
if the bioactive substance on the aligned fiber surface has a
gradient structure consistent with the orientation direction, it
can confer stronger tropism to the cells, thus greatly facilitating
cell migration. For example, biomacromolecular nanoparticles
could be deposited on the surface of uniaxially aligned nano-
fibers by masked electrospraying to generate a unidirectional or
bidirectional gradient of particle density.38 Bone marrow stem
cells (BMSCs) and NIH-3T3 fibroblasts were able to migrate in
the direction of increasing particle density on the obtained
nanofibers. The nanoparticles made of a mixture of collagen
and fibronectin on the uniaxially aligned nanofibers in a
bidirectional gradient density could promote the migration of
Schwann cells (SCs) from the two sides to the center along the
direction of increasing particle density. In another study,
collagen nanoparticles were deposited in a radial density
gradient on the surface of radially aligned nanofibers.41 Migra-
tion of NIH-3T3 fibroblasts from the periphery to the center was
facilitated by the dual effect of radial orientation and graded
deposited protein.

In addition to the uniform or gradient deposition of the
major proteins in the ECM on the fiber surface, growth factors
can also be loaded into the fibers to induce cell migration. The
manipulation of cell migration can be achieved through the
controlled release of growth factors. Xue et al. sandwiched
phase change material (PCM) particles loaded with epidermal
growth factor (EGF) and the photothermal transformer indo-
cyanine green (ICG) between two layers of radially aligned
nanofibers and random nanofibers.39 A size-tunable photo-
mask was combined with near-infrared (NIR) light to trigger
the solid–liquid phase transition of the PCM and thus the
release of the EGF. The multilayered photothermal scaffold
achieved a spatiotemporally controlled release of EGF, provi-
ding the growth factor on demand for cell migration. Cell
migration along the radial direction was facilitated by the
synergistic effect of the EGF and radiation orientation. The
fiber topology, surface modification, and release of growth
factors can be integrated to provide topographical and bio-
chemical cues for cellular activity, modulate cell behavior, and
promote cell migration.

2.3 Cell morphology

Due to the intrinsic structure and surface tension of a cell, as
well as the external mechanical pressure, a cell always main-
tains certain morphology. The morphology of a cell is closely
related to its function. For example, nerve cells will stretch over
a long distance to facilitate the transmission of information
from external stimuli. Some tissues of the human body, such as
nerves, muscles, etc. display a high degree of cell order to
maintain their structure and function. This directed cell growth
can be achieved by applying aligned electrospun nanofibers.13

For example, given that skeletal muscle was composed of
parallel myotubular bundles formed by myoblasts, highly
oriented nanofibers with micropatterns were prepared to
guide the morphogenesis of muscle tissue. Through aligned

topographic cues, the nanofibers were able to modulate cyto-
skeletal alignment and myotubular assembly. The regeneration
of muscle tissue was facilitated bottom-up from the nanoscale
to the tissue level by moving from the alignment of cells to
the formation of muscle tissue.42 As shown in Fig. 2D, kerati-
nocytes cultured on random nanofibers exhibited a circular
morphology, while on aligned nanofibers, keratinocytes were
spindle-shaped and exhibited an elongated morphology along
the axial direction, and the cytoskeleton showed a high degree
of orientation.21 Furthermore, it has been shown that cells
cultured on aligned nanofibers have greater stiffness and
stronger cytoskeleton.43

The ability of cells to maintain their natural morphology
after undergoing a range of cell behaviors is critical for tissue
regeneration. In one study, tendon fibroblasts extended and
aligned along the axial direction of the aligned nanofibers,
forming a highly ordered structure that resembled the mor-
phology of collagen fibers in tendons and creating good con-
ditions for tendon tissue regeneration.44 As another example,
for the repair of peripheral nerve injury (PNI) using a conduit,
the axially aligned nanofibers as the wall of the conduit alone
cannot provide sufficient mechanical strength and are prone to
tearing during surgery.45 Therefore, a bilayer scaffold with good
mechanical strength need be constructed by building a layer of
random nanofibers on the outer layer of the aligned nanofibers.
To verify whether the outer layer of random nanofibers would
influence cell morphology, Xie et al. compared the cell mor-
phology of SCs cultured on random nanofibers and aligned
nanofibers.45 As shown in Fig. 2E, SCs grown on random
nanofibers were disordered and did not form a homogeneous
actin network structure, whereas SCs on uniaxially aligned
nanofibers had highly aligned and orientated morphology,
forming a neat actin network.

Electrospun nanofibers can also induce changes in cell
morphology by regulating gene expression. The aligned nano-
fibers can transmit certain mechanical stimulation signals and
extracellular signals to the nucleus to trigger specific responses
between cells and tissues, thus promoting the expression of
some relevant genes and further influencing changes in cell
morphology and cell behaviors.21 The mechanism in this
regard is still obscure and needs to be confirmed by further
studies. In general, cell morphology plays a significant role in
the repair of various tissues. Guiding cell deformation and
extension by altering the morphology of electrospun nanofibers
is of crucial importance in the field of tissue regeneration.

2.4 Stem cell differentiation

Stem cells are a class of cells that have the ability to self-renew,
proliferate, and differentiate under certain conditions.46 Stem
cells are capable of differentiating into highly differentiated
cells that make up the tissues and organs of the body, and also
differentiate into progenitor cells.47,48 Therefore, the behavior
of stem cells, especially the directed differentiation of stem cells
into specific types of cells, is crucial for tissue regeneration. The
topographical features of the ECM act as an inducer of stem cell
behavior, allowing them to change their phenotype according to
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the microenvironment. Since electrospun nanofibers have an
ECM-like structure, they can guide stem cell differentiation by
mimicking the ecological niche of stem cells. Both the arrange-
ment and diameter of electrospun nanofibers can influence
stem cell differentiation. In one study, adipose-derived mesench-
ymal stem cells (ADSCs) on uniaxially aligned nanofibers were
prone to directionally osteogenic differentiation relative to ran-
dom nanofibers.49 In another study, researchers explored the
regulation of nanofiber diameter on the directional differentiation
of neural stem cells (NSCs).50 When the nanofiber diameter was
about 280 nm, NSCs tended to differentiate into oligodendrocytes.
As the nanofiber diameter increased, NSCs preferentially differ-
entiated into neuronal lineages.

Stem cell differentiation can also be guided by surface
modification of electrospun nanofibers. For example, primary
neurospheres of dental pulp stem cells (DPSCs) were cultured
on electrospun nanofibers modified with graphene oxide (GO)
to explore stem cell differentiation on nanofibers.51 Different
topographical cues and surface modifications were able to
modulate stem cell differentiation in different directions.
On pristine random and uniaxially aligned nanofibers, and
GO-coated random and uniaxially aligned nanofibers, neuro-
spheres of DPSCs could be directionally differentiated into
osteoblasts, glial cells, fibroblasts, and neurons, respectively
(Fig. 2F). In addition, electrospun nanofibers can also modulate
stem cell differentiation by combining with biochemical cues to
modulate differentiation pathways by activating the recruit-
ment and phosphorylation of focal adhesion kinases.52 For
example, osteogenic differentiation of mesenchymal stem cells
(MSCs) could be significantly promoted by incorporating bone
morphogenetic protein 2 and hydroxyapatite into electrospun
nanofibers.53–55 Culturing MSCs on PCL electrospun nano-
fibers loaded with retinoic acid could modulate the differentia-
tion of MSCs toward the neuronal lineage.56,57 By encapsulating
vascular endothelial growth factor (VEGF) in gelatin particles
which are then loaded into electrospun PCL nanofibers, the
obtained scaffolds could promote the directed differentiation
of MSCs into tubular endothelial cells.58

Since many cells are quite sensitive to electrical signals, the
differentiation of stem cells can also be regulated by combining
electrochemical signals with nanofibers. For example, induced
pluripotent stem cells (iPSCs) were cultured on uniaxially aligned
electrospun nanofibers made of polyaniline (PANI) and polyether-
sulfone. The nanofibers induced the differentiation of iPSCs into
cardiomyocytes by externally applied pulses mimicking electrical
stimulation in the heart.59 In addition, the use of piezoelectric
materials could facilitate osteogenic differentiation of interstitial
MSCs by generating an electroactive microenvironment without an
external power source.60 Electrospun nanofibers can further induce
the directed differentiation of stem cells by combining topographi-
cal cues and biochemical cues. In tissue regeneration, depending
on the tissue and repair purpose, electrospun nanofiber scaffolds
with specific functions can be designed to provide a specifically
tailored strategy for the regeneration of the target tissue. Electro-
spun nanofibers have outstanding advantages in tissue regenera-
tion due to their targeted regulation of stem cell differentiation.

3. Electrospun nanofibers for
manipulating soft tissue regeneration

Through modulation of cellular behavior, electrospun fibers
can further manipulate soft tissue regeneration. It is essential
to design electrospun fiber scaffolds with an optimized struc-
ture and function based on the specific ECM properties of
different tissues for soft tissue regeneration. For example,
aligned fibers play a specific role in guiding cell migration,
differentiation, and morphology. Such scaffolds are commonly
used in the regeneration of tissues with an ordered anatomical
structure, including nerve, skin, heart, and blood vessels.
In addition, by functionalization with bioactive substances
such as growth factors, trophic factors, and proteins, the
scaffolds can be further endowed with biomimetic ECM proper-
ties to provide a favorable microenvironment for tissue regen-
eration. The electrospun fiber scaffolds can also serve as a
carrier of exogenous cells, addressing the shortcomings of cell
therapy via injection.

3.1 Peripheral nerve regeneration

Peripheral nervous system controls the sensory and movement
of the human body. The anatomical structure of a peripheral
nerve shows a cable-like structure. Each axon in the nerve fiber
is surrounded by the nerve endoneurium, and the nerve fiber
bundle is in turn covered by the nerve bundle membrane.
Finally, the nerve consisting of nerve fiber bundles is wrapped
by the nerve epineurium. PNI is a global medical problem.
When peripheral nerves are injured, Wallerian degeneration
first occurs at the damaged site.61 Dedifferentiated SCs recruit
macrophages to clear damaged tissue fragments. Macrophages
also release VEGF-A to promote vascularization.62 The clear-
ance of inflammation and regenerated microvessels provide a
favorable microenvironment for peripheral nerve regeneration.
Afterwards, SCs migrate and proliferate massively, forming
Büngner bands to pave the way for the extension of axons from
the proximal stump to the distal stump.63 At the same time, SCs
release a variety of neurotrophic factors, such as nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF), and
neurotrophin-3 (NT-3), to further accelerate the axon to cross
the damaged site and bridge the distal stump.64 After success-
ful bridging of the proximal and distal stumps, the SCs will
remyelinate and motor or sensory function will be partially
restored.

Although peripheral nerves can regenerate, their ability to
regenerate is limited. Therefore, external intervention is required
to repair PNI. End-to-end sutures are used clinically to treat PNI
with small gaps.65 When the gaps are large, the sutures will create
more tension, resulting in the failure of nerve repair. Autografts
are often used to repair large gap defects, which are the ‘‘golden
standard’’ for repairing PNI.66 However, autografts have disadvan-
tages such as insufficient donors, secondary injury, and mismatch
between donor and recipient nerve sizes.67 Therefore, nerve
conduits (NGCs) have been developed as neural tissue engi-
neering scaffolds for the treatment of PNI.11 The modulation
of neuronal cell behavior by scaffolds can be facilitated by
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modulating the structure and surface morphology of electro-
spun fibers. The combination of electrospun fiber-based NGCs
with physical and biochemical cues can confer a broader range
of functions to the scaffolds. For example, the delivery of active
substances can suppress local inflammation and establish a
microenvironment that promotes nerve regeneration. Additionally,
in combination with cell therapy, it can promote the growth of SCs
and the extension of neurites. Besides, the introduction of external
electrical stimulation is also more conducive to the remyelination
of SCs, which is beneficial for promoting the recovery of nerve
function.

3.1.1 Construction of a regenerative environment. Inhibi-
tion of inflammation and promotion of vascularization are the
keys to provide a favorable microenvironment for peripheral
nerve regeneration. The diameter, porosity, and arrangement of
electrospun fiber scaffolds can effectively modulate the pheno-
type of macrophages. Scaffolds with large diameter and high
porosity could induce macrophages differentiation into an anti-
inflammatory (M2) phenotype, whereas macrophages cultured

on fibrous scaffolds with small diameter and low porosity
exhibited a pro-inflammatory (M1) phenotype.68 Random nano-
fibers induced the formation of M1 phenotype macrophages,
whereas aligned nanofibers promoted the differentiation of
macrophages to the repair-promoting M2 phenotype by guiding
macrophages to extend directionally along the nanofibers.69

As shown in Fig. 3A, Dong et al. fabricated an NGC by filling
oriented microfibers inside a conduit composed of random
nanofibers to repair a 10 mm sciatic nerve defect in rats.70 The
immunofluorescence images showed that more macrophages
(CD68+) were recruited to the lesion site on day 7 in the group
treated with nanofibrous conduits filled with ordered micro-
fibers compared to those in the unfilled conduit group. More
importantly, ordered microfibers also promoted the differentia-
tion of macrophages towards the M2 phenotype (CD206+),
while random nanofibers enabled macrophages to exhibit
the M1 phenotype (iNOS+). Macrophages with M2 phenotype
promoted SC migration, myelination, and axonal elongation,
thereby enhancing the efficacy of PNI repair.

Fig. 3 (A) Schematic illustration (left) of the effect of polarized macrophages on SC migration on different substrates. Macrophage polarization within
the explanted conduits is characterized by immunofluorescent staining (right) for CD68 (M0, pan-macrophage, green), iNOS (M1, pro-inflammatory, red)
and CD206 (M2, anti-inflammatory, red). The asterisks represent oriented microfibers. (B) Schematic illustration (left) and scanning electron microscopy
(SEM) imaging (middle) showing the distribution of nanoparticles on uniaxially aligned nanofibers in a unidirectional density gradient. Fluorescence
micrograph (top right) showing the neurites extending from DRG bodies on the graded scaffold. The white arrowed line indicates the direction of
increasing the density of the nanoparticles. The neurites from DRG bodies were stained with Tuj1 (green), and the cell nuclei were stained with DAPI
(blue). Fluorescence micrograph (bottom right) showing the migration of SCs from the two ends towards the center on the graded scaffold on which the
density of nanoparticles increased from the two sides to the center. The actin cytoskeleton and the vinculin were stained with Alexa Fluor 555 phalloidin
(red) and Alexa Fluor 488 anti-vinculin (green), respectively, and the yellow color corresponded to an overlay of these two colors. (C) Schematic
illustration (left) of a biodegradable, self-electrified, and miniaturized conduit and transmission electron microscopy (TEM) images (right) of the middle
sections of regenerated nerves when autograft, hollow conduit, and electroactive conduit group (E-active) were implanted to repair a 10 mm rat sciatic
nerve injury, respectively. (A–C) Reprinted with permission from ref. 70: Copyright (2021) Elsevier, ref. 38: Copyright (2020) John Wiley and Sons, ref. 89:
Copyright (2020) The American Association for the Advancement of Science, respectively.
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In addition to adjusting their morphological parameters,
electrospun fiber scaffolds can also be combined with anti-
inflammatory or angiogenic substances to create a regenerative
microenvironment. For example, interleukin 10 (IL-10), a cyto-
kine that can promote the entry of macrophages into the M2
phenotype, could be covalently bound to PCL nanofiber scaf-
folds. When the scaffold was implanted around the damaged
sciatic nerve, IL-10 was immobilized for up to 14 days, sufficient
to downregulate the early inflammation reaction at the injury
site.71 Melatonin and Fe3O4 magnetic nanoparticles encapsu-
lated in the NGC wall could effectively inhibit oxidative stress
and inflammation while guide axonal regeneration and remye-
lination. In vivo morphological and electrophysiological assess-
ments demonstrated that the repaired nerves using the NGC
were similar to those of the autograft group.72 In addition,
collagen IV filled in the tube could effectively modulate the
phenotype of macrophages and inhibit inflammation, creating
a suitable microenvironment for nerve regeneration.73 Success-
ful inhibition of inflammation is only the first step in promoting
peripheral nerve regeneration. Direct regulation of axon extension
and SC migration plays a crucial role in the process of nerve
regeneration.

3.1.2 Schwann cell growth and neurite extension. The
proliferation of SCs and extension of axons are the following
crucial steps in peripheral nerve regeneration. After SCs
migrate to the injury site and undergo massive proliferation,
axons begin to extend under the wrapping of SCs. Aligned
electrospun nanofibers have been widely used in neural tissue
engineering to induce endogenous SC growth and axonal
extension.74 Electrospun fibers can be further modified to
provide more topological cues such as pores, grooves or other
secondary structures to modulate cell behaviors, thus improving
the efficacy of PNI repair.75 Wu et al. prepared PCL/poly-
(vinylpyrrolidone) (PVP) fibers with grooves on the surface by
emulsion electrospinning.38 The removal of PVP with ethanol
successfully formed nanoscale grooves on each individual micro-
fiber. Such microfibers with nanogrooves could provide more
topographic contacts to growth cones, which further guided
and promoted neurite outgrowth. The roughness of the scaffold
surface also affects neurite extension. Electrosprayed particles
could be deposited on the surface of electrospun fiber scaffolds
to adjust the surface roughness, and a suitable density of particles
could promote neurite extension by providing appropriate anchor
points for the growth cones.76 In addition, multi-channel NGC
could also provide more support and topological cues for cell
growth and axon extension by mimicking the multiple fascicular
structure of peripheral nerves compared to a single tubular
conduit.77,78 In one study, electrospun fiber membranes made
of shape memory polymers were flattened at 25 1C, curled into
tubes at 37 1C, and then self-assembled into a multi-channel
conduit.78 The multi-channel conduit promoted cell growth
and axonal elongation during peripheral nerve regeneration and
provided topographical cues for vascularity.

Combining electrospun fibers with bioactive effectors can
further upgrade NGCs to provide biochemical cues to cells.
These biological effectors include growth factors, trophic factors,

proteins and even the ECM.79,80 For example, cross-linked
laminin on aligned nanofibers enhanced axonal extension by
providing both topological and biological cues.81 Neural tissue
decellularized matrix coated nanofibers could promote neuro-
nal growth and SC migration by providing an ECM-like
environment.82 The concentration gradient of biological effec-
tors, like collagen, fibronectin and NGF, also affects cell beha-
viors and axon extension owing to chemotaxis and haptotaxis
effects.83 In one study, nanoparticles made of a mixture of
collagen and fibronectin were deposited in a density gradient
on uniaxially aligned fibers by electrospraying.38 The scaffolds
promoted neuronal extension of the dorsal root ganglion (DRG)
along the direction of increasing particle density (Fig. 3B). The
bidirectional gradient of the particle density on the scaffold
promoted the migration of SCs from the two sides with a low-
density deposition toward the center with a high-density
deposition. Controlled release of bioeffectors is important to
improve their utilization efficiency and to achieve an on-demand
supply at specific times after surgery. Xue et al. fabricated a
scaffold with a three-layer structure by sandwiching NGF and a
photothermal agent loaded in PCM particles between two layers of
electrospun fibers. The controlled release of NGF was achieved by
irradiation with a NIR light.18 Combined with a photomask, the
spatiotemporally controlled release of NGF could further enhance
neurite extension.39

Topology and surface modifications of electrospun fibers,
as well as loading of bioactive effectors, can promote the
endogenous SC growth and neurite extension. In addition,
exogenous SCs or stem cells can be introduced to the electro-
spun fiber scaffold to promote peripheral nerve regeneration by
directly supplementing SCs or modulating the directional
differentiation of stem cells to SCs. Wu et al. loaded SCs onto
an electrospun chitosan scaffold.84 In the in vitro experiments,
the SCs formed a Büngner band-like structure on the scaffold
and secreted BDNF that promoted nerve regeneration. This
scaffold would greatly promote axonal extension after implan-
tation in vivo. However, the SCs used for transplantation are
often extracted from autologous peripheral nerves, which have
poor proliferative capacity and are more injurious to the donor
site. Therefore, providing other sources of SCs is an important
alternative. A variety of stem cells can be differentiated into
SCs, such as BMSC, ADSC, iPSC and so on. Peripheral nerve
regeneration can be promoted by transplanting BMSCs into the
body and modulating the directed differentiation of BMSCs to
SCs. BMSCs could also be differentiated into SCs on electro-
spun fibers, and uniaxially aligned fibers could effectively
regulate the differentiation of BMSCs into SCs and enhance
the secretion of neurotrophic factors, which significantly
promoted neurite extension.85 Therefore, electrospun fibrous
scaffolds loaded with exogenous cells have great potential in
PNI repair.

3.1.3 Functional recovery. The goal of peripheral nerve
regeneration is for functional recovery. Therefore, electrospun
fiber scaffolds need to be further functionalized to facilitate
re-establishment of bridges between nerves and other tissues
in vivo. When the axon successfully bridges the proximal stump
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and the distal stump, SCs will differentiate into myelin to wrap
the axon, and peripheral nerve function will gradually recover.
Appropriate myelin thickness and axonal diameter are the keys
to the recovery of motor or sensory function after PNI. Li et al.
loaded the peptides that could promote the adhesion of nerve
cells on the scaffold with the microgroove structure and nano-
fiber oriented composite morphology.86 The expressions of
myelination-related genes and proteins in the SCs were up-
regulated, which contributed to myelin regeneration and thus
functional recovery.

Due to the electrophysiological properties of peripheral
nerves, electrostatically activated electrospun scaffolds contri-
bute to peripheral nerve regeneration and functional recovery
when used as a bridge between the proximal and distal stump.
Conductivity can be endowed to the conduits by coating the
surface of electrospun fibers with conductive materials such as
GO, reduced GO, polypyrrole, etc.87,88 Wang et al. combined
external electrical stimulation with reduced GO-modified NGC
to promote the expression of genes related to remyelination in
SCs.88 The in vivo tests showed that the conduit group and the
autograft group had similar myelin sheath thickness, axon
diameter, nerve conduction velocity, and motor ability. Smaller
self-powered NGCs are more attractive and convenient in
peripheral nerve regeneration. As shown in Fig. 3C, a bio-
degradable electroactive conduit was fabricated by embedding
a galvanic cell consisting of Mg and Fe–Mn alloy electrodes
within a fibrous scaffold.89 After implantation of the NGC to
repair sciatic nerve injury in rats, the thickness of the regener-
ated myelin sheath and the recovery of motor function were
comparable to those of the autograft group.

Although electrospun fiber-based NGCs have achieved simi-
lar repair effects to autografts in PNI less than 3 cm,66 the
results for repairing larger gap nerve defects are not satisfactory.
Comprehensively integrating topological cues, biochemical cues,
and exogenous cells into NGCs is promising to break down
barriers to clinical treatment. Meanwhile, the availability and
possibility of clinical translation is also a crucial factor to be
considered. In addition, real-time monitoring of the regenera-
tion process using modern imaging techniques and combining
electrospun fibers with appropriate post-operative interventions,
such as electrical stimulation, magnetic stimulation, optical
stimulation, acoustic stimulation, and thermal stimulation, may
further improve the effects of nerve regeneration.90

3.2 Central nerve regeneration

The central nervous system (CNS) consists of the brain and the
spinal cord, which is the most principal part of the human
nervous system.91 The brain is located in the cranial cavity and
mainly includes the left and right cerebral hemispheres. The
superficial layer of the cerebral hemispheres is the gray matter,
and the deep layer is the medulla, making up the organ that
regulates the functions of the body and serves as the basis for
higher neural activity.92 The spinal cord is located in the spinal
canal, with white matter in the center and gray matter in the
periphery. The dorsal part of the spinal cord develops from the
pterygoid plates of the neural tube during the embryonic period

and has mainly conduction functions. The ventral portion of
the spinal cord develops from the substrate and has primarily
reflex functions.93 When damage to the CNS occurs, it can lead
to a loss of motor function and sensation, causing severe life
and psychological disorders to the patients. Central nerve injury
has a high rate of disability, mortality, and complications, and is a
major medical issue that needs to be addressed.94

Unlike PNI, the central nerve cannot regenerate itself, and
CNS injury is often difficult to repair without the external
intervention. Therefore, tissue regeneration scaffolds are usually
required to facilitate the repair of CNS injury. The main obstacles
to the repair of CNS injury include the deterioration of the
ECM microenvironment due to inflammatory response, inade-
quate neurotrophic supply, and limited neuronal regeneration
capacity.95 To address these challenges, the bionic design of
electrospun nanofiber scaffolds that can inhibit inflammation,
provide neurotrophy, and regulate the directional differentia-
tion of stem cells to neurons represents an important way to
address the barriers to central nerve regeneration.

3.2.1 Eliminate inflammation and inhibit gliosis. Spinal
cord injury (SCI) can be divided into primary SCI and secondary
SCI. Primary SCI are mostly caused by mechanical impact.96

While secondary injuries are triggered by the primary injury.
After SCI occurs, macrophages are activated, and large amounts
of proinflammatory factors, chemokines, NO, oxidants, and
proteases can be released.97 Erythrocytes enter the spinal cord
parenchyma from the ruptured vessels, activating the macro-
phages into the M1 proinflammatory phenotype. The inflamma-
tory microenvironment limits the differentiation of endogenous
NSCs to neurons and instead promotes their differentiation to
astrocytes. However, astrocytes are responsible for the formation
of glial scars that impede axonal regeneration, severely hampering
the repair of SCI. Therefore, suppressing the inflammatory
response in the early stages of SCI is an important therapeutic
strategy.

By introducing anti-inflammatory agents or biomolecules
into electrospun nanofiber scaffolds, the inflammatory
response can be effectively relieved. For example, researchers
synthesized a polycarbonate with 17b-estradiol (E2) as one of
the repeating units in the copolymer backbone.98 E2 could
reduce inflammation, decrease glial reactivity and oxidative
stress, and reduce glutamatergic excitatory neuronal death.
They subsequently prepared poly(pro-E2) electrospun nano-
fiber scaffolds.99 The scaffold was able to release E2 over a
period of 1–10 years after hydrolytic degradation in vitro. In vivo
tests showed that the scaffold was able to effectively reduce the
inflammatory response and guide axons along the aligned
nanofibers for directed regeneration.

Neuroinflammation also severely affects the repair of brain
injury. After secondary brain injury occurs, the blood–brain
barrier is disrupted.100 Microglia are activated, from which cyto-
kines are released that activate other immune cells, initiating an
inflammatory cascade at the site of injury, leading to neuro-
inflammation.101 As microglia accumulate at the site of lesion,
astrocytes are activated and thus form a glial scar. Therefore,
suppression of neuroinflammation is also critical for brain
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injury repair. Functionalized electrospun nanofiber scaffolds
have great potential to eliminate inflammation. In one study, a
novel galactose-presenting polymer, poly(L-lysine)-lactic acid
(PLL-LBA), was synthesized.102 Its layer-by-layer (LbL) functiona-
lization of PCL nanofibers was achieved by covalently attaching
galactose molecules to the surface of the nanofiber scaffold (Fig. 4A).
Increased astrocyte GFAP expression and hypertrophy were the most

common hallmarks of reactive astrocyte proliferation. In vitro tests
showed that the nanofiber scaffold significantly reduced GFAP
expression, attenuated inflammation-induced astrocyte proliferation,
and suppressed the adverse effects of the inflammatory response.
Given the specific nature of brain injury, instead of defects or
transection, cavities of unknown size and shape are often formed
in the brain. Therefore, the development of injectable fibers capable

Fig. 4 Electrospun nanofiber scaffolds for CNS injury repair. (A) Schematic representation of galactose molecules covalently attached to the surface of a
nanofibrous scaffold (left). Fluorescence micrographs (right) showing AHNAK (red)/GFAP (green) and Gal-1(red)/GFAP (green) staining of astrocytes
grown on 2D PCL, 3D PCL, PCL–Heparin (Hep) + PLL and PCL–Hep + PLL-LA at 12 div. (B) Schematic diagram illustrating the fabrication of gelatin-
coated multichannel nanofibrous scaffolds (MNS-G) loaded with NT-3 (MNS: multichannel nanofibrous scaffolds) (left) and H&E and Masson staining
images of the injury recovery, respectively, 8 weeks post-implantation. ‘‘W’’ denotes the side wall fragments of the nanofibrous scaffolds (right).
(C) Schematic illustration showing the aligned microfibrin hydrogel fibers (AFG) that were used as the carrier of MSCs to maintain the MSC-oriented
adhesion (left), and typical CLSM images of MSC and MSC/AFG groups at the SCI site: blue is to label the nucleus, green is GFP to show the implanted
MSCs, and red is the b-tubulin III-positive. All of them are merged to show the implanted MSC differentiation (right). (A–C) Reprinted with permission
from ref. 102: Copyright (2017) The Royal Society of Chemistry, ref. 106: Copyright (2020) American Chemical Society, ref. 116: Copyright (2020)
American Chemical Society, respectively.
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of satisfactorily filling any cavity is crucial for the clinical manage-
ment of brain injury. In another study, the researchers developed
injectable and gel-like fibers.103 The electrospun fibers were com-
bined with a lubricated hydrogel to produce rheological properties
that allowed them to maintain the basic morphology of the fibers
after injection. Loading the fibers with hNSCs successfully blocked
the infiltration of microglia in the inflammatory response in an
MCAO model.

3.2.2 Provide neurotrophy. After CNS injury occurs, NSCs
around the injury are activated and begin to migrate toward the
site of the injury. Since neurons in the CNS cannot regenerate
after disruption or death, differentiation through NSCs is the
only way for neuronal regeneration.104 However, the prolifera-
tion and differentiation of NSCs are mainly influenced by the
microenvironment of the ECM. After the occurrence of CNS
injury, the supply of neurotrophic factors appears to be inadequate,
causing severe damage to the microenvironment and inhibiting
neural regeneration. Neurotrophic factors, such as ciliary neuro-
trophic factor (CNTF), BDNF, NT-3, and glial cell-derived neuro-
trophic factor (GDNF), play an important nutritional role in the
growth, development, and functional integrity of neurons. Since
neurotrophic factors protect neurons and repair damaged nerve
cells, the deficiency of neurotrophic factors can lead to impaired
central nerve regeneration. Providing exogenous neurotrophic
factors through an electrospun nanofiber scaffold as a controlled
delivery system is expected to supplement the deficiency of
endogenous factors, improve the neuroregenerative micro-
environment, and provide good conditions for the proliferation
and differentiation of NSCs to neurons.

For the repair of SCI, a three-dimensionally aligned poly-
(e-caprolactone-ethyl phosphate) (PCLEEP) electrospun nano-
fiber–collagen hybrid hydrogel was prepared.105 The scaffold
was loaded with NT-3 and miR-222, in which miR-222 is a
microRNA that is enriched in axons and involved in controlling
local protein synthesis in distal axons. Through the controlled
delivery of the two biological effectors, the scaffold effectively
improved the microenvironment of SCI and promoted the
regeneration of nerve axons. In another study, poly(L-lactic
acid) (PLLA) multichannel nanofiber scaffolds (MNS-G) were
modified by gelatin and cross-linked with genipin (Fig. 4B).106

The gelatin-coated nanofibers showed a strong binding affinity
to NT-3, enabling the in vivo delivery and controlled release of
NT-3. H&E staining showed a significant reduction in SCI
cavities and tighter binding to the host in the presence of the
scaffold because it provided a bionic environment and suffi-
cient NT-3 for SCI, as well as promoted post-surgery neuronal
regeneration and remyelination. This study demonstrated the
easy modification of nanofiber scaffolds, which played an
important role in guiding the design of repair scaffolds for SCI.

The supplementation of neurotrophic factors is also impor-
tant after brain injury. In addition to their universal role in
the CNS as described above, neurotrophic factors play an
important role in the protection and functional recovery after
neurodegenerative diseases such as stroke and traumatic brain
injury. However, the supplementation with exogenous neuro-
trophic factors can be limited by the blood–brain barrier,

leading to the difficulty in reaching the target site. Therefore,
in situ delivery of neurotrophic factors via electrospun nano-
fiber scaffolds is essential for microenvironmental repair of
brain injury. In one study, a PCL nanofiber scaffold encapsu-
lated with GDNF was prepared.107 The scaffold had an oriented
topology that could provide topographical cues to guide the
behavior of NSCs. In addition, sustained released of GDNF was
possible over one month, and the released GDNF significantly
promoted the extension of neural axons. Electrospun nano-
fibers are not only capable of delivering neurotrophic factors,
but also can immobilize the factors in a variety of ways.108

Neurotrophic factors can be loaded into the nanofibers or
deposited onto the nanofibers. When they are loaded into the
nanofibers, neurotrophic factors are released in a sustained
manner through nanofiber degradation and act on the site of
injury over time. When they are deposited onto the nanofibers,
they provide biochemical cues for NSC migration and differ-
entiation, as well as axonal extension, in addition to delivery,
and promote neuronal regeneration. Besides, by preparing
stimulus-responsive nanofiber scaffolds, neurotrophic factors
can also achieve controlled release triggered by the internal
microenvironment or exogenous stimuli such as light, electri-
city, and magnetic field.109 Therefore, electrospun nanofiber
scaffolds have significant advantages in the supply of neuro-
trophic factors.

3.2.3 Neuronal differentiation. In the CNS, injured/dis-
eased tissue typically undergoes liquefaction necrosis, where
enzymes digest cellular debris and the ECM, usually leaving a
fluid-filled cavity.110 The neuronal cells at the site of injury
become inactivated, leading to the destruction of neural
networks and consequent dysfunction.111 Due to the lack of
growth-driven signals and subcellular structural arrangements,
neuronal regeneration in the adult CNS capacity is low. Therefore,
inducing NSCs to differentiate into neurons rather than glial cells
is essential to improve the regeneration efficiency of CNS injury.
Given these characteristics, it is necessary to use the scaffolds to
(i) immobilize endogenous or transplanted cells, (ii) protect
endogenous or transplanted cells from the effects of injury, and
(iii) regulate the differentiation of endogenous or transplanted
cells. Functional electrospun nanofiber scaffolds have shown
efficiency in mitigating the effects of poor SCI microenvironment
and promoting neuronal differentiation of stem cells.112

Endogenous NSCs are derived from ectodermal cells of the
central canal of the adult spinal cord, which have multiple
differentiation potential.113 These cells can be induced to
proliferate and differentiate into astrocytes, oligodendrocytes,
and neurons in response to stimulation by injury, which can
serve as an internal cell source for central nerve repair. In one
study, an elastic low-modulus bionic scaffold was constructed
using electrospun GelMA hydrogel nanofibers to provide a
favorable microenvironment for nerve repair and regeneration.114

The scaffold could promote the migration of endogenous NSCs
and induce their differentiation into neuronal cells to promote
SCI repair. Bio-functional scaffolds capable of supporting neurite
growth, guiding neurite extension, and reconstructing damaged
brain tissue are also urgently needed for the repair of brain injury.
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To this end, aligned electrospun poly(lactic-co-glycolic acid) (PLGA)
nanofibers were prepared and functionalized with hydrolyzed
monosialic acid ganglioside (LysoGM1).115 The addition of
LysoGM1 conferred bioactivity to the nanofiber scaffold to promote
neuronal membrane formation. In a rat TBI model, the aligned
PLGA-LysoGM1 nanofiber scaffold promoted neurite growth and
infiltration, showing great potential in brain tissue regeneration.

In addition to promoting CNS regeneration by modulating
endogenous cells, it is also possible to promote CNS regenera-
tion by delivering exogenous stem cells and modulating their
directed differentiation into neurons. Exogenous stem cells
capable of differentiating into neurons include embryonic stem
cells (ESCs), neural progenitor cells, olfactory ensheathing cells
(OECs), adult MSCs, NSCs, etc. Stem cell therapy is widely
recognized as a promising approach to reconstruct the struc-
ture and function of the CNS. The delivery of stem cells through
electrospun nanofiber scaffolds can overcome the disadvantages
of clinical stem cell transplantation therapies. In one study,
aligned electrospun fibrin hydrogel nanofibers loaded with MSCs
were prepared (Fig. 4C).116 MSCs fused well with the host tissue by
adhesion and induction of nanofibers. The staining results
demonstrated the ability of the scaffold to induce the differentia-
tion of MSCs into neurons, as well as to promote the migration
and aggregation of endogenous neurons and MSC-differentiated
neurons toward the injury site. The scaffold promoted the expres-
sion of electrophysiology in the spinal cord by regulating the
migration and differentiation of MSCs, which in turn facilitated
the recovery of spinal cord function. In another study, an artificial
3D electroactive neural network system was constructed by load-
ing brain neural progenitor cells into a high-porosity, low-density
electrospun PCL nanofiber scaffold.117 The network promoted
neuronal differentiation and growth and further promoted the
formation of functional synapses. The nanofiber scaffold com-
bined electroactivity and cell delivery, playing an important role in
the regeneration of brain tissue and restoration of brain function.

In the CNS, electrospun nanofibers have great appeal due to
their bionic structural features, compositional diversity, easy
modification, and deliverability. However, there are not many
studies on the application of nanofibers for CNS injury repair,
and one of the reasons is that the implantation of electrospun
nanofiber scaffolds often requires an open surgery.118 Given the
advantages of electrospun nanofibers, injectable treatments
can be achieved by preparing short nanofibers.119 In addition,
electrospun nanofibers can be combined with imaging agents
to achieve a real-time monitoring in vivo during and after
surgery, guaranteeing a precise surgery and timely repair pro-
cess to achieve integration of monitoring and treatment.120 The
advanced electrospun nanofibers will hopefully solve the major
challenges of central nerve injury, effectively bringing hope to
the lives of brain injury and spinal cord injury patients world-
wide and helping them to return to society.

3.3 Skin regeneration

As the largest organ of the body, the skin is a barrier that
separates the body from the external environment.121 Under
normal physiological conditions, the skin protects the body

from chemicals and other harmful substances, UV radiation,
and water loss.121,122 However, when the structure of the skin
is damaged, it can lead to impaired skin function and the
formation of wounds. Mechanical trauma, burns, tumors,
chronic diseases, and genetic disorders are the main causes of
wounds.123 The ‘‘golden standard’’ in clinical treatment of skin
wounds is autologous skin grafting.124 However, the lack of
skin donor sites, secondary damage, and risk of infection limit
its application.125,126 Therefore, the development of wound
dressings that promote skin tissue regeneration is expected to
address the shortcomings of autologous grafting, which is of
great clinical importance.

Electrospinning has unique advantages in the preparation
of wound dressings. As wound dressings, the porous structure
of electrospun nanofiber scaffolds can enhance the adsorp-
tion of wound exudate and promote the exchange of oxygen,
water, and nutrients.127,128 In addition, electrospun nanofibers
can provide topographical cues and biochemical cues for skin
tissue regeneration through special structural and composi-
tional design.129,130 Combined with the controlled delivery of
drugs or bioactive substances, the electrospun fibers can
further achieve antibacterial and anti-infection effects, promote
vascular regeneration, facilitate cell migration, and eventually
realize scar-free skin wound healing.

3.3.1 Antibacterial and anti-infection functions. In open
wounds, there is a high risk of bacterial invasion. Bacterial
invasion into the lymphatics and blood can cause serious
infections and even fatal sepsis.131,132 Some bacteria also reduce
the immune function of the body and impede wound healing by
producing enzymes and toxins.133 The current clinical treatment
of infection is still dominated by antibiotics. However, the misuse
of antibiotics can lead to drug resistance which poses a great
danger to life and health.134 The development of wound dressings
with antibacterial properties can overcome the disadvantages of
antibiotics and promote wound healing. The porous structure of
electrospun fibers makes them inherently resistant to external
bacterial invasion, and the introduction of antibacterial compo-
nents allows them to further kill bacteria. An ideal antibacterial
dressing can reduce the number of pathogens and reduce the
inflammatory response of the wound, which in turn improves
wound repair. Guo et al. synthesized quaternized chitosan-graft-
polyaniline (QCSP), which exhibited better cytocompatibility and
antibacterial activity than pure quaternized chitosan.135 Electro-
spun PCL/QCSP nanofibers were then fabricated, which showed a
good killing rate against both Staphylococcus aureus (S. aureus)
and Escherichia coli (E. coli). The antibacterial activity gradually
increased with the increase of the QCSP content in the dressing
and showed a good therapeutic effect in wound healing.136

In addition to using antibacterial materials, antibacterial agents
can be loaded inside or on the surface of electrospun fibers to
impart them resistance to bacterial invasion. For example, poly-
oxyethylene and oxacillin were co-loaded in electrospun poly-
(lactic acid) (PLA) nanofibers to develop a multifunctional fiber
dressing.137 The sustained release of the two antibacterial agents
synergistically inhibited methicillin-resistant Staphylococcus
aureus. Furthermore, a layer of polyacrylonitrile (PAN) nanofibers
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encapsulated with phenol red was overlaid on top of the PLA
nanofiber membrane. Given that the pH of the infected wounds is
higher than that of the normal skin, the detection of pH at the
wound site can provide important information for wound repair
and care. The presence of phenol red allowed the real-time
monitoring of pH at the wound site. This combination of diag-
nosis, monitoring, and treatment is typically important for the
regeneration of skin damage.

For multidrug-resistant (MDR) bacterial infections, the
effectiveness of conventional antibacterial agents is often
greatly reduced. Metal ions such as gold (Au) ions and silver

(Ag) ions have broad-spectrum antibacterial properties and are
also involved in a variety of biological processes in the body.
Therefore, metal ion-based wound repair platforms have
immense potential in the treatment of wounds infected with
bacteria.138,139 Au nanoparticles are one of the few inorganic
metal nanoparticles that can destroy both Gram-negative and
Gram-positive bacteria while being effective against MDR
infections.140,141 In one study, AuNPs were modified with 6-
aminopenicillic acid, an antimicrobial intermediate, and then
incorporated as the active antibacterial component into elec-
trospun PCL/gelatin fibers (Fig. 5A).142 The scaffold was then

Fig. 5 An electrospun nanofiber scaffold for skin tissue repair. (A) Schematic representation of a knitted dressing made of PCL/gelatin electrospun nanofibers
doped with antimicrobial AuNPs (left). The gauze group, PCL/gelatin group, and APA-modified AuNPs (Au_APA) group were used for treating wounds infected by
E. coli, MDR E. coli, Pseudomonas aeruginosa, and MDR Pseudomonas aeruginosa, and bacterial counts at 7 and 14 days demonstrated the ability and
effectiveness of the composited fibers to reduce local bacterial infections (right). (B) Schematic structure of the PCL-gelatin core–sheath fibers loaded with NO-
containing copper MOF (NO@HKUST-1) nanoparticles (NO@HPG) (left). Cumulative release of NO from NO@HKUST-1 and NO@HPG in PBS (middle). Tube
formation of HUVECs cultured with HPG and NO@HPG after culturing for 6 hours (upper right). Immunofluorescent staining (lower right) showing CD31
expression on HPG and NO@HPG at 7 days. The blood vessels were stained with CD31 (green), and the cell nuclei were stained with DAPI (blue). (C) Schematic
representation and live/dead staining of MSCs cultured on the SDF-1a gradient electrospun nanofiber scaffolds prepared using a collector with 9 needle
electrodes (GF-9) after 7 days. The maximum migration distance of MSCs reached the center, demonstrating the induced promotion of MSC migration by
SDF-1a/GF-9 (lower left). Immunohistochemical staining using CD90, a classical MSC surface marker, was performed at 5 and 14 days in the damaged skin, with
positive expression in brown and blue nuclei (right). Positive CD90 staining was significantly increased in the GF-9 group with both SDF-1a gradient and
encapsulated DS (SDF-1a/DS/GF-9) compared to the other groups, demonstrating the effect of gradient release of SDF-1a and reduction of inflammation on the
recruitment of endogenous stem cells to the wound. (A–C) Reprinted with permission from ref. 142: Copyright (2017) American Chemical Society, ref. 151:
Copyright (2020) American Chemical Society, and ref. 158: Copyright (2021) John Wiley and Sons, respectively.
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applied to treat rat wounds exposed to E. coli, MDR E. coli,
Pseudomonas aeruginosa, and MDR Pseudomonas aeruginosa,
respectively, for 14 days, indicating that both local bacteria
and MDR bacteria were significantly reduced in comparison to
the PCL/gelatin and gauze groups. This work demonstrated the
effectiveness of bioactive electrospun fiber scaffolds in dealing
with MDR bacterial infections, which went beyond traditional
antibacterial agents to address the problem of MDR bacterial
infection, indicating the potential of metal ion-containing
antibacterial dressings for wound repair applications.

3.3.2 Angiogenesis. The skin is a highly vascularized soft
tissue;143 therefore, angiogenesis after skin injury is essential
for skin regeneration. Angiogenesis is the hallmark of the
proliferative stage, so accelerated angiogenesis will promote
wound repair and shorten healing time, as well as effectively
prevent necrosis.144–146 Conversely, a poor angiogenesis can
lead to delayed wound closure, increase the risk of infection,
and pose a significant challenge to wound healing,147 in
particular for chronic wounds caused by diabetes that often
suffer from insufficient angiogenesis and delayed healing.

Loading angiogenesis-promoting drugs or growth factors
into electrospun fiber dressings can improve angiogenesis and
promote wound recovery. For example, tazarotene, an active
drug that promotes angiogenesis, was loaded into aligned PCL
fibers.148 The sustained release of tazarotene from the nano-
fibers stimulated the proliferation, migration, and vasculariza-
tion of human umbilical vein endothelial cells (HUVECs) and
promoted the secretion of VEGF. In vivo tests showed that the
tazarotene loaded fibers significantly improved angiogenesis,
promoted re-epithelialization, and accelerated wound healing.
The type, release profile, and bioactivity of the drugs need to be
considered for promoting angiogenesis.

In addition to active drugs, some growth factors are closely
related to angiogenesis. Skin regeneration is a complex process
that involves the interaction of multiple growth factors in
various processes. Among them, VEGF is the most important
growth factor involved in the angiogenesis process. Other
growth factors essential for angiogenesis include platelet-
derived growth factor (PDGF), fibroblast growth factor (FGF),
insulin growth factor (IGF), hepatocyte growth factor (HGF),
and stromal cell-derived growth factor (SDF). The introduction
of growth factors into electrospun fibers can complement
endogenous growth factors and provide the necessary condi-
tions for angiogenesis. In one study, core–sheath electrospun
fibers were prepared by coaxial electrospinning, with the core
layer being made of polyethylene oxide (PEO) and recombinant
human-VEGF (rhVEGF) and the shell layer being made of
polycaprolactone and polyethylene glycol (PEG).149 It showed
that the rhVEGF was able to achieve a continuous release for
18 hours. In a mouse subcutaneous model, fibers loaded with
rhVEGF significantly enhanced the formation of blood vessels.
In another study, VEGF-encapsulated gelatin particles were
loaded into electrospun PCL nanofibers.58 VEGF could diffuse
out of the PCL nanofibers through gelatin degradation and was
released at the injury site. The results indicated that the scaffold
could differentiate MSCs to ECs while maintaining the tubular

structure stability of ECs for a prolonged duration. Related designs
can be integrated in the fiber-based dressing system to improve
the utilization efficiency of bioactive molecules and further
improve the regeneration efficacy.

The angiogenesis process can also be regulated by typical
types of molecules. For example, NO plays an important role in
wound healing by promoting angiogenesis and is an important
cell signaling molecule.150 Delivery of an appropriate concen-
tration of NO to the wound site can inhibit apoptosis, promote
cell proliferation and angiogenesis, and thus facilitate wound
repair. Therefore, achieving a controlled release of NO and
maintaining the ideal concentration is the key to NO treatment
for skin injury. In one study, a copper-based metal–organic
framework was applied as the carrier of NO which was then
loaded into the core layer of electrospun PCL/gelatin core–
sheath nanofibers by coaxial electrospinning (Fig. 5B).151 The
exudate from the wound entered the fibers and underwent a
water replacement reaction in contact with the nanoparticles,
allowing the release of NO and copper ions (Cu2+). Furthermore,
NO and Cu2+ were released from the core layer through degrada-
tion. As a result, a stable and sustained release of NO and Cu2+

was achieved, which could last for more than 14 days. The
composite fiber scaffold significantly promoted tube formation
of HUVECs in vitro and CD31 expression in vivo compared to the
fibers without NO, demonstrating the role of NO in angiogenesis.

In addition to the abovementioned active ingredients such
as drugs, growth factors, and the gas NO, bioactive glass and
bioceramics are also materials with unique characteristics for
biomedical applications, especially for angiogenesis. Bioactive
glasses are a class of materials that can repair, replace, or
regenerate injured tissues, and have the ability to form bonds
between tissues and materials. Bioactive elements such as Ag,
Ca, Co, Cu, Ga, Mg, and Zn can be incorporated into the glass
network to confer biofunctionality to the material. In skin
tissue regeneration, bioactive glasses and their released ther-
apeutic ions can promote fibroblasts to secrete vascular-derived
growth factors such as VEGF and bFGF, and induce endothelial
cells to migrate to the wound site, improving the insufficient
angiogenesis at the wound center.152 In addition, bioceramics
are also materials with significant potential to promote vascu-
lar regeneration. Bioceramics are a class of ceramic materials
used for specific biological or physiological functions, including
hydroxyapatite, silica, calcium phosphate, etc. For example,
silica-loaded-PCL electrospun nanofibers have been studied to
accelerate angiogenesis by promoting endothelial cell adhesion,
elongation, and migration.153

3.3.3 Migration of repairable cells. After the appearance of
the wound, the cells around the wound begin to proliferate and
migrate toward the center of the injury. As a result, fibroblasts
eventually form granulation tissue, basal cells form a single
layer of epithelium covering the surface of the granulation
tissue, and keratinocytes form an epidermis located in the
outermost layer of the skin, which becomes a keratinized
complex squamous epithelium.154,155 The integrity of the skin
is the basis for the restoration of the complete barrier function of
the skin. During the process of wound repair, cell proliferation is
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relatively easy to be achieved, and cell migration can be relatively
difficult, especially in chronic wounds. Therefore, promoting cell
migration through electrospun fiber scaffolds is crucial for skin
regeneration.

The composition of the fibers can affect cell behaviors. As a
typical example, chitosan has been reported to induce the
release of interleukins associated with migration and prolifera-
tion from fibroblasts, accelerating granulation tissue formation
by promoting the migration of fibroblasts to the wound center,
thereby promoting skin regeneration.156 A PCL/chitosan core–
sheath scaffold fabricated by emulsion electrospinning could
significantly promote cell adhesion, migration, and prolifera-
tion, and further promote the healing of full-thickness skin
injury in rats.157

The surface topography of electrospun fibers also has an
impact on cell migration. Compared to random nanofibers,
aligned nanofibers can provide topographic cues for cell migra-
tion, thus guiding cells to converge in the direction of fiber
orientation. In addition, active substances with gradient den-
sity can be deposited on the fiber surface. The gradient of the
active substance can provide biochemical cues for cell migration,
inducing cells to migrate in the direction of increasing gradient.
The combination of topographical cues and biochemical cues can
synergistically promote cell migration and thus accelerate wound
healing. Du et al. designed a radially assembled PCL/collagen
electrospun nanofiber scaffold encapsulated with the anti-
inflammatory agent, diclofenac sodium.158 A gradient of SDF-1a
increasing from the periphery to the center was also constructed
on the surface (Fig. 5C). SDF-1a is a repellent factor that directs
stem cell migration and regulates their behaviors by specifically
binding to receptors on the surface of stem cells.159 The radial
topography combined with the gradient of SDF-1a promoted the
migration of MSCs. In vivo tests demonstrated that the scaffold
promoted the migration of endogenous stem cells to the wound
center and accelerated skin regeneration.

It remains an important issue to achieve the controlled
release of bioactive substances loaded in electrospun fiber
scaffolds. The controlled release can be triggered by external
stimuli such as light, heat, electrical and magnetic fields, and
even mechanical change. In one study, a multilayered photo-
thermal scaffold was constructed by combining electrospun
fiber scaffolds with NIR light and a tunable photomask.39 The
inner layer of the scaffold was composed of radially aligned
nanofibers, while the outer layer was composed of random
nanofibers. The PCM microparticles with a core layer of EGF
were sandwiched between the two layers of nanofibers. A size-
tunable photomask was placed between the scaffold and the
NIR light source, and the PCM microparticles in the scaffold
exposed to the NIR light warmed up and underwent solid–
liquid transformation, leading to the triggered release of EGF.
As the diameter of the photomask was decreased, EGF was
sequentially released from the typical position of the scaffold
exposed to the laser, from the periphery to the center, promot-
ing the migration of fibroblasts along the radial direction.
The introduction of the NIR light achieved a time-controlled
release. By changing the position and size of the photomask,

a location-controlled release was achieved. Thus, the scaffold
realized a spatiotemporally controlled release of growth factors,
which in combination with the radially aligned topology greatly
facilitated cell migration. The scaffold showed great potential
for application in wound repair. Skin regeneration is a complex
process involving several overlapping stages. Designing scaffolds
that meet the needs of each stage and achieve multifunctional
integration remains an important research direction. This
requires the integration of multiple factors. Based on the existing
research, combining topographical and biochemical cues with
controlled release and exogenous stimulation to further improve
the scaffolds will facilitate the application of electrospun fiber
scaffolds in skin regeneration.

3.4 Cardiac tissue regeneration

The heart is a muscular organ with a complex structure and
biological function. The human heart is in the middle of the
thoracic cavity and has four internal cavities, the upper two
being the atria and the lower two being the ventricles. The
diastole and contraction of the atria and ventricles drives blood
throughout the body, providing oxygen and nutrients to organs
and tissues.160 Cardiovascular diseases such as myocardial
infarction, heart failure, and coronary artery disease caused
by ischemia and hypoxia, dysfunction, and cardiac degenera-
tion are threatening the lives of tens of millions of patients
worldwide.161 Common clinical treatments include coronary
artery bypass grafting, heart transplantation, and stenting.
However, due to the limited regenerative capacity of the heart,
the existing treatments can only temporarily maintain heart
function and cannot restore normal heart function. There are
also disadvantages such as heart size mismatch, vascular
lesions, and shortage of supply.162 Therefore, the development
of scaffolds for application in cardiac tissue regeneration is
expected to address these deficiencies, which are of great
clinical importance.

Electrospun nanofibers have unique advantages as cardiac
repair scaffolds. Aligned nanofibers with a significantly high
surface-to-volume ratio and porosity can guide the ordered
arrangement of fibroblasts and promote the adhesion and
maturation of cardiomyocytes.163,164 Meanwhile, electrically
conductive aligned scaffolds can facilitate muscle contraction
and synchronized electrical conduction, thus enabling synchro-
nized beating of cardiomyocytes.165 With proper structural
design and the combination of drugs or bioactive factors,
electrospun nanofibers can further inhibit fibrosis and adverse
cardiac remodeling, as well as achieve the effect of myocardial
endothelialization.

3.4.1 Anti-fibrotic and anti-adverse ventricular remodeling.
When myocardial infarction episodes, cardiomyocytes are
damaged and necrosis occurs due to ischemia and hypoxia,
generating large amounts of reactive oxygen species (ROS) in the
microenvironment.166 The production of ROS causes oxidative
stress, disrupts cellular homeostasis, leads to further apoptosis,
and promotes inflammatory response and fibrosis.167,168 Exces-
sive inflammation in turn promotes the production of ROS,
creating a fibrotic microenvironment that leads to collagen
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deposition and eventual ventricular remodeling.169 This usually
leads to chronic irreversible heart failure and even death.170

Therefore, reducing inflammation in the early stages of myo-
cardial infarction is beneficial in preventing myocardial cell
damage, reducing adverse fibrosis, inhibiting ventricular remo-
deling and scar tissue formation, and promoting angiogenesis
in the lesion area.171

Reducing ROS levels in damaged myocardial tissues is an
effective strategy to reduce inflammation, avoid fibrosis, and
inhibit ventricular remodeling.172 Therefore, the preparation of
biological scaffolds with good antioxidant properties that can
respond rapidly to ROS will be beneficial for myocardial
repair.173 Xie et al. synthesized one type of polyurethane (PFTU)
from several polymers rich in thioketone bonds to take advan-
tage of the thioketone bonds for reacting and decomposing
ROS.174,175 Then, a cardiac patch based on PFTU/gelatin nano-
fibers was fabricated by electrospinning. In vitro tests demon-
strated that the nanofiber patch showed good antioxidant
activity and could rapidly respond to and degrade ROS while
alleviating oxidative stress. Transplantation of the patch into
rats effectively alleviated oxidative damage and suppressed the
inflammatory response in the early stages of myocardial infarc-
tion. In addition, left ventricular remodeling was also inhibited
by the nanofiber patch, thus enhancing the effect of later
myocardial repair. The patch had good antioxidant properties
and rapid ROS scavenging ability, making it an effective
method for anti-fibrotic and reversible ventricular remodeling.

In addition to the use of antioxidant materials, loading anti-
inflammatory agents or bioactive regulators into electrospun
nanofibers can also achieve anti-inflammation and antifibrosis
functions. Glucocorticoid methylprednisolone (MP) is an
anti-inflammatory drug commonly used in the treatment of
myocardial infarction, which can effectively modulate the
inflammatory response.171 In one study, researchers prepared
electrospun polyurethane (PUTK) nanofiber patches loaded
with MP.176 Although the PUTK fibers themselves had anti-
oxidant properties, the addition of MP conferred a higher ROS
responsiveness. Besides, PUTK/MP fibers could restore cardiac
function better than PUTK fibers, significantly reducing fibro-
sis and adverse ventricular remodeling. Angiotensin-converting
enzyme 2 (ACE2) is a novel bioactive regulator, and its over-
expression within the heart can reduce myocardial fibrosis,
mitigate oxidative damage, and restore cardiac function.177

For example, a hyaluronic acid (HA)-PLLA core–sheath nano-
fiber cardiac patch with a core layer loaded with rhACE2 was
obtained by microsol electrospinning (Fig. 6A).178 In a rat model of
myocardial infarction, the sustained release of rhACE2 attenuated
fibrosis and counteracted unfavorable ventricular remodeling,
maintaining normal ventricular structure and function, thus
demonstrating the potential of rhACE2 in cardiac tissue
regeneration.

3.4.2 Adhesion, maturation, and synchronized beating of
cardiomyocytes. The native myocardium in the human body is
composed of several layers of longitudinally aligned and neatly
packed cardiomyocytes, which control the mechanical contrac-
tion of the heart through their synchronized beating.179

Cardiomyocytes regulate gene expression, protein synthesis, and
other signals of cardiac function through mechanotransduction.180

When myocardial infarction occurs, cardiomyocytes undergo
apoptosis, the anisotropic cell structure is destroyed, the heart
beats abnormally, and cardiac function is impaired.181 The
damaged myocardial tissue is unable to repair itself and there-
fore requires a cardiac tissue regeneration scaffold to promote
myocardial regeneration.182 Modulating the morphology and
structure of electrospun nanofiber scaffolds can endow them
with functions that promote the adhesion and maturation
of cardiomyocytes. In addition, the electrospun nanofiber scaf-
folds have good mechanical properties, which can ensure the
synchronized beating of cardiomyocytes and realize the regular
contraction of the heart.

The surface topography of electrospun nanofiber patches
can provide topographical cues to the migration and morphology
of cardiomyocytes.165 In one study, an electrospun nanofiber
patch made of polyvinylidene fluoride-trifluoroethylene (PVDF-
TrFE) copolymer was developed.183 In vitro tests showed that
cardiomyocytes migrated along the PVDF-TrFE nanofibers in the
direction of orientation and self-assembled into elongated and
aligned tissues. Piezoelectric phenomena showed a regular con-
traction of the heart, demonstrating synchronized beating of the
cardiomyocytes. In another study, an aligned PCL electrospun
nanofiber patch was fabricated and then cultured with cardio-
myocytes differentiated from human iPSCs.184 Compared with
those on a random PCL nanofiber patch, the cells cultured on the
aligned patch were highly oriented and showed higher maturation
and contraction rates. In cardiac tissue regeneration, although
nanofiber patches can be designed to guide the migration and
tensile growth of cardiomyocytes along the axial direction, their
role in promoting maturation and endothelialization of cardio-
myocytes is still relatively limited.185

Compared with nanofiber patches, 3D nanofiber scaffolds
can mimic the anisotropic structure of the heart and possess
better mechanical properties. For example, researchers prepared
electrospun PCL nanofiber mats with aligned fibers at the
central part and random fibers at the periphery.186 A 3D
nanofiber scaffold was obtained by sequentially stacking three
layers of nanofiber mats with different orientation directions at
the central part. The scaffold had good mechanical stability and
was able to promote the alignment, adhesion, and maturation
of cardiomyocytes along the orientation direction of the nano-
fibers to form a specific layer of cells for initial endothelializa-
tion. Meanwhile, each layer of cardiomyocytes achieved not
only uniaxial synchronous contraction throughout the mono-
layer, but also a multiaxial contraction in the major directions
at the spatial level, confirming that the scaffold achieved
cardiac anisotropy. The stereotactic structure of this scaffold
was thin, with fewer oriented links, which could be further
improved to promote myocardial endothelialization. Inspired
by the arrangement of natural cardiomyocytes, Wu et al. weaved
neatly arranged nanofiber yarns (NFYs) with surgical sutures (NETs)
using a braiding technique to produce an electrospun nanofiber
scaffold (NFYs-NETs) and then encapsulated the scaffold in a
hydrogel matrix to obtain a 3D composite scaffold (Fig. 6B).187
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Compared with the 2D scaffolds, the cultured cardiomyocytes
on each layer of the 3D composite scaffold were not only neatly
aligned and elongated but also had enhanced cell adhesion,
viability, and maturation, and achieved myocardial endothelia-
lization. To this end, 3D electrospun nanofiber scaffolds can
provide a more bionic growth environment for cardiomyocytes,
regulate cardiomyocyte behavior more effectively, and have
great potential in cardiac tissue regeneration.

Furthermore, the synchronized beating of cardiomyocytes is
a hallmark of electrical coupling in cardiac tissue.182 Electro-
spun nanofiber scaffolds with electrical conductivity can mimic

the electrical signaling behavior of cardiomyocytes, thereby
modulating the proliferation, differentiation, and migration
of cardiomyocytes and enhancing the synchronized contraction
of cardiomyocytes.188 PANI is one of the widely used conductive
polymers in biomedical applications. Wang et al. reported a
PLA/PANI conductive electrospun nanofiber patch.189 Cell pro-
liferation of cardiomyocytes cultured on the PLA/PANI nanofiber
patch was significantly enhanced, and the differentiation and
maturation of CMs were significantly promoted. Furthermore,
this PLA/PANI nanofiber patch with good electrical conduc-
tivity successfully induced spontaneous synchronous beating of

Fig. 6 Application of electrospun nanofibers in cardiac tissue engineering. (A) Schematic diagram of the PLLA-HA/rhACE2 scaffold with the core–sheath
structure fabricated by microsol electrospinning technology (upper left). Schematic diagram of the electrospun scaffolds implanted in vivo in a mouse
myocardial infarction model (lower left). After 28 days of stent implantation, the heart sections of mice were subjected to H&E staining and Masson
trichrome staining, the group containing rhACE2 showed significant differences in infarct scar expansion from the other groups, showing better
preservation of the left ventricular structure (right). (B) Schematic diagram for natural heart tissue with cardiomyocytes uniformly arranged in each layer
mid-up and gradually transitioning between layers (left). Schematic diagram of multilayer NFYs-NET 3D scaffold (middle). Fluorescence images show that
cardiomyocytes are neatly aligned and evenly distributed on the surface of the NFYs-NET scaffold compared to the 2D scaffold, demonstrating the
guiding effect of the 3D structure on cell adhesion migration. Cardiomyocytes were stained with F-actin (green) and DPAI (blue) (right). (C) Schematic
diagram of an electrospun polycaprolactone-gel nanofiber patch incorporating a controllable electronic device (left). Cardiomyocyte electrophysio-
logical data collected using nine electrodes on the electronic device demonstrate similar electrical signals, indicating synchronized beating of
cardiomyocytes (right). (A–C) Reprinted with permission from ref. 178: Copyright (2021) Springer Nature, ref. 187: Copyright (2017) American Chemical
Society, and ref. 191: Copyright (2016) Springer Nature, respectively.
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cardiomyocytes, demonstrating the role of the electrical activity
of the material in promoting the electrical coupling of cardio-
myocytes. To continuously monitor and control the patch after
implantation in the body, remote manipulation of the electro-
nic devices is needed and can be achieved by creating an
electronic network together with the patches that enables the
real-time monitoring and noninvasive interventional therapy
in vitro.190 Feiner et al. prepared an electronic device capable of
effectively controlling drug release and integrated it with an
electrospun PCL-Gel nanofiber patch for cardiac tissue regene-
ration (Fig. 6C).191 This 3D tissue engineering scaffold was
loaded with cardiac cells. By delivering functional cardiac cells,
it was possible to provide therapeutic control and modulate
cardiac function. In addition to the cardiac cells, electroactive
polymers containing biomolecules were deposited at the elec-
trode sites. Given that the nanofiber patch was a complex
network containing multiple electrodes, the biomolecules were
triggered to release by electrical stimulation while recording the
behavior of cardiac cells in vivo. The patch prepared in this
experiment realized controlled release and real-time monitor-
ing, which had significant potential for patch intervention
therapy. The results showed that cardiomyocytes on the patch
produced a regular shape with consistent width and a consis-
tent electrical signal, showing the synchronized beating of
the cardiomyocytes. The feasibility of remotely manipulating
drug release and tissue properties was also demonstrated.
This approach of combining functional electronics with bio-
materials provided a new direction for exploration in cardiac
tissue engineering.

3.5 Vascular tissue regeneration

Blood vessels are the conduits for blood circulation in the body,
consisting of arteries, arterioles, capillaries, venules, and veins.
Typically, arteries and veins are composed of three tissue layers,
including a thick outermost layer (tunica adventitia or tunica
externa) made of connective tissue, a thicker middle layer
(tunica media) consisted of circularly arranged elastic fibers,
connective tissue, and smooth muscle cells, and the thinnest
inner layer (tunica intima) comprised of a single layer of
endothelium supported by a subendothelial layer.192,193 The
delicate network of blood vessels provides cells with nutrients
and oxygen for normal life activities while removing waste
metabolic products.160,194 Vascular diseases caused by damage
to some major blood vessels such as coronary and carotid
arteries are one of the leading causes of death.195,196 Artificial
blood vessel grafts can replace damaged blood vessels to ensure
proper blood circulation. However, with the serious trend of
cardiovascular diseases and the increasing aging of the popula-
tion, the demand for artificial blood vessels has maintained a
high growth rate. It remains a major medical task to develop
artificial blood vessels with ideal properties. Based on the
diameter and the applicable position in the body, artificial
blood vessels are mainly divided into large-diameter (inner
diameter 4 6 mm) and small-diameter (inner diameter o
6 mm) artificial blood vessels. Among them, large-diameter
artificial blood vessels have mature products widely used in the

clinic, while the preparation of small-diameter artificial blood
vessels (SDBVs) is still an international challenge. This is due to
the low patency rate of small-diameter artificial blood vessels,
which may cause early thrombosis and poor endothelialization
in the middle and late stages. Therefore, it is important to
improve the proximal and distal patency rates of artificial blood
vessels by rational design and modification.194

Electrospun fibers have significant advantages in the pre-
paration of artificial blood vessels. The structure of electrospun
fibers is similar to that of natural ECM, which can effectively
enhance cell proliferation and adhesion, allowing for effective
transport and exchange of substances. The surface roughness
and modulus of the electrospun fibers can also be regulated
to manipulate the material–cell interaction. In addition, the
electrospun fiber network can be modified with bioactive
functionalities to enhance cellular affinity, impart anticoa-
gulant properties, and promote endothelialization.197 Different
types of cells can also be integrated into the multiple layers of
one tube to mimic the multiple layer structure of a natural
blood vessel. The mechanical properties of the artificial blood
vessel based on electrospun fibers can be maintained and
regulated to assure the mechanical stability and match with
those of the native tissue. For artificial blood vessels, especially
for SDBVs, thrombosis and other potentially fatal complica-
tions can be caused by even a slight mismatch in mechanical
properties.2,198 Therefore, the mechanical properties of artifi-
cial blood vessels are crucial to maintain the morphology and
function of the material in the flowing blood. The mechanical
properties of artificial blood vessels prepared by electrospin-
ning can be more easily tuned than those from other processes,
and nanofibers with target properties can be obtained by
changing the raw materials or the parameters during or after
electrospinning. The mechanical properties of electrospun
nanofibers depend mainly on the molecular chain arrangement,
crystallinity, macroscopic orientation, inter-fiber connection
forms, and defects of the nanofibers. There are many ways to
improve the mechanical properties of electrospun nanofibers, for
example, the use of raw materials with excellent mechanical
properties for electrospinning. In the study of artificial blood
vessels, the use of elastomers is an effective method to improve
their mechanical properties. In addition, appropriate filler mate-
rials can be added to improve the mechanical properties of the
composite fibers. During the electrospinning process, the para-
meters can be varied to improve the orientation and the degree of
crystallization in the nanofibers for enhancing the mechanical
properties of the nanofibers. Moreover, a proper post-treatment
of electrospun nanofibers can also improve their mechanical
properties.

3.5.1 Anticoagulation. Thrombosis and resulting resteno-
sis due to low patency within the vessels are the primary causes
of failure in the regeneration of vascular tissue.199 Therefore,
an ideal electrospun fiber scaffold should have anticoagulant
properties, which require good hemocompatibility of the
implant.200,201 The roughness of the graft surface is an impor-
tant factor affecting hemocompatibility and behaviors of mono-
layer endothelial cells.202 In one study, a bilayer vascular graft
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was prepared, with an ultrathin smooth inner layer and a thick
microfibrous outer layer made of PCL by an ink printing
method combined with electrospinning.203 The nanofiber,
microfiber, and bilayer vascular grafts were exposed to rabbit
arterial blood flow for 1 h. Stereomicroscopy showed that the
lumen of the bilayer grafts was unobstructed and clean without
clotting, while the luminal surfaces of the nanofiber and
microfiber grafts turned red (Fig. 7A). SEM images also demon-
strated minimal platelet and plasma protein adhesion on the
luminal surface of the bilayer grafts. This study suggested that
such bilayer vascular grafts with a smooth inner layer exhibited
excellent hemocompatibility without altering blood flow, which
maintained patency within the graft and provided an attractive
strategy for future applications in vascular tissue engineering.

Surface modification of electrospun fibers by loading bio-
active substances can directly endow anticoagulation capability
to the material. Heparin is a commonly used anticoagulant in
clinical practice due to its significant role in reducing thrombus
formation.204 In addition, heparin can inhibit human vascular
smooth muscle (HVSM) cell proliferation and prevent vascular
occlusion.205 The modification of grafted heparin on the inner
surface of electrospun fibers results in anticoagulation. Zhang
et al. doped bacterial nanocellulose in electrospun cellulose
acetate microfibers and then immobilized heparin on the inner
surface of the fibers.206 It was found that platelet adhesion was
significantly reduced, and antithrombotic behavior was greatly
enhanced on the vascular grafts loaded with heparin compared
with other two groups of electrospun cellulose acetate microfibers

Fig. 7 Electrospun nanofiber scaffolds in vascular tissue engineering. (A) Stereomicroscopic images of the lumen of three grafts exposed to an artery for
1 h using a rabbit arteriovenous shunt (AV-shunt), showing the absence of coagulation generation in the bilayer vascular grafts (above). SEM images of the
lumen and cross-section showing minimal platelets and plasma proteins on the lumen and inner surface of the bilayer grafts compared to the other two
groups, demonstrating the ability of this bilayer vascular graft to resist coagulation (below). (B) SEM image of electrospun nanofiber vascular grafts with a
bilayer tubular structure (upper left). A picture of the site where the graft was implanted into the vessel (upper right). Immunohistochemical staining for
markers of late differentiation of smooth muscle (SM-MHC) (red) and DAPI (blue) at 3, 6 and 12 months, with a ring-like distribution of red and blue
fluorescence at 6 months, demonstrating differentiation of inner smooth muscle cells in the inner layer (below) (40� magnification). (C) Schematic
diagram of the structure of the three layers of the tubular graft (left). The grafts were examined morphologically at 2, 6, and 10 weeks after subcutaneous
grafting, and the tubular structure was well maintained (middle). H&E staining and Masson trichrome staining were used for histological analysis of the
cross-sections of the grafts after 2, 6 and 10 weeks of subcutaneous transplantation. It was observed by H&E staining that the grafts were gradually
wrapped by regenerated tissue while maintaining a certain graft structure, and Masson trichrome staining demonstrated the regeneration of collagen,
providing a bionic microenvironment to promote tissue regeneration (right). (A–C) Reprinted with permission from ref. 203: Copyright (2018) Elsevier,
ref. 212: Copyright (2016) Springer Nature, and ref. 217: Copyright (2018) Elsevier, respectively.
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and cellulose acetate microfibers doped with bacterial nano-
cellulose. The heparin showed a sudden release at the initial
stage of implantation, resulting in lower levels of heparin
release at later stages, which can be further improved.
A sustained release of heparin will be ideal to achieve the
long-term anticoagulation goal. For instance, a PCL electrospun
nanofiber scaffold was modified using a nanocoating encapsu-
lated with gelatin, polylysine, and heparin by a self-assembly
technique.207 Under physiological conditions, the nanocoating
could responsively release a variety of bioactive molecules,
significantly reducing platelet adhesion. Most importantly, this
scaffold achieved the controlled release of heparin and
extended the release duration to 35 days, allowing for sustained
delivery of anticoagulants to the body.

3.5.2 Re-endothelialization. Prevention of coagulation and
inhibition of thrombosis are prerequisites for endothelial
formation.208 Impaired function of endothelial cells can lead
to endothelial cell hyperplasia, ultimately resulting in the narrow
embolization and ineffectiveness of the graft.209 Complete
endothelialization can fundamentally address the problems
of thrombosis and endothelial hyperplasia. The key to
re-endothelialization is the adhesion, proliferation, and direc-
tional differentiation of endothelial cells.210,211 Therefore, how
to achieve rapid re-endothelialization is a crucial factor to
consider for constructing artificial vascular grafts. In one study,
a bilayer electrospun nanofiber vascular graft was fabricated,
with an inner layer of polyglycerol sebacate and an outer layer
of PCL to provide mechanical support.212 It was implanted to
remodel arteries in a mouse model (Fig. 7B). Immunofluores-
cence staining showed that at 6 months after implantation,
differentiation of smooth muscle cells appeared in the inner
layer of the scaffold, which continued until 12 months, promot-
ing re-endothelialization of the vessel. Meanwhile, the scaffold
further enhanced remodeling of the aorta adjacent to the
damaged site, and there was no thrombosis at 12 months. This
grafting strategy was expected to improve the long-term efficacy
of the graft.

Selective binding of endothelialization-promoting factors
enables electrospun fibers to have excellent bioactivity and
contribute to vascular regeneration. For example, the loading
of VEGF enables the inner layer of artificial blood vessels to
promote increased vascular permeability, accelerate vascular
endothelial cell migration, and regulate proliferation and
angiogenesis. By loading PDGF, the inner surface of the artifi-
cial blood vessels can not only accelerate the formation
of neovascularization but also recruit endothelial cells and
promote the proliferation and migration of the cells.213

In one study, VEGF was loaded into the core layer of PLGA
nanofibers by coaxial electrospinning.214 Along with the degra-
dation of the materials, VEGF could diffuse out and was
continuously released for more than 28 days, promoting the
proliferation of endothelial cells. In another study, VEGF165 and
heparin were co-encapsulated in the core layer of poly(L-lactide-
co-caprolactone)[P(LLA-CL)]-collagen/elastin electrospun core–
sheath fibers.215 The graft enabled the sustained release of
heparin and VEGF165, maintaining the local concentrations of

the factors over a typical period of time at the target site.
It significantly promoted the adhesion and proliferation of
human aortic endothelial cells in vitro, and no coagulation
was observed in vivo while the formation of endothelialization
was promoted. In addition, Jin et al. utilized the good mechanical
properties of poly(L-propylene-co-e-caprolactone) (PLCL) and
the hydrophilicity of the filamentous protein (SF) to fabricate
an electrospun bilayer nanofiber vascular scaffold equipped
with heparin.216 This PLCL/SF/Hep implantation in rabbit neck
showed no coagulation within 3 months, while a continuous
new intimal layer formed spontaneously. These studies have
demonstrated the importance of the sustained release of
growth factors to maintain the long-term effects of artificial
blood vessels.

Given that natural blood vessels have a three-layer structure,
artificial blood vessels with a three-layer structure can be
obtained by regulating the material composition, diameters,
and pore sizes of the fibers deposited at different stages. This
three-layer structure can better mimic the structure and com-
position of natural blood vessels and exert bionic properties,
thus accelerating the construction of neovascularization.
For example, a three-layer artificial blood vessel was designed
by a three-step electrospinning method, including uniaxially
aligned PLCL/collagen (COL) fibers, circumferentially arranged
PLGA/SF yarns, and random PLCL/COL fibers, respectively,
from the inside out (Fig. 7C).217 The innermost layer was able
to promote endothelial cell adhesion, the middle layer could
regulate the morphology and proliferation of smooth muscle
cells (SMCs), and the outermost layer provided mechanical
support for the scaffold. The tubular structure of the graft
essentially remained unchanged after 2, 6, and 10 weeks of
implantation. H&E and Masson staining showed that the
implanted triple-layered tubular grafts had good cellular infil-
tration ability and could promote vascular tissue regeneration.
Given their bionic structural properties, the electrospun triple-
layer nanofiber scaffolds show great potential in clinical trials
and are expected to advance the clinical translation of artificial
blood vessels.

Currently, electrospinning has been widely applied in vascular
tissue engineering. The adjustable mechanical properties of elec-
trospun fibers can provide suitable mechanical performance for
the flow of blood. The anticoagulation and re-endothelialization
can be further achieved by designing fiber scaffolds with different
structures and functions. In the future, researchers need to
conduct comprehensive design and performance comparisons
from multiple perspectives, such as material types, molecular
structures, molding technologies, bionic design, and bio-
coating, to develop small-diameter artificial blood vessels with
excellent biocompatibility and anticoagulation properties, con-
tributing to solve major medical challenges and bring hope for
the cure for patients with cardiovascular diseases.

3.6 Ocular tissue regeneration

The eye is a small and delicate organ in the human body
responsible for vision.218 Since most of its cells are terminally
differentiated, damage to these cells can easily lead to loss of

Journal of Materials Chemistry B Review

Pu
bl

is
he

d 
on

 0
9 

5 
20

22
. D

ow
nl

oa
de

d 
on

 2
02

4-
06

-2
9 

 1
:1

7:
23

. 
View Article Online

https://doi.org/10.1039/d2tb00609j


7302 |  J. Mater. Chem. B, 2022, 10, 7281–7308 This journal is © The Royal Society of Chemistry 2022

vision or even blindness.219 Currently, clinical transplantation
therapy for ocular diseases is faced with risks such as donor
shortage and immune rejection. Therefore, it is of clinically
significance to develop bioactive materials that can promote
ocular tissue regeneration.218,220 Electrospun fibers can pro-
mote cell adhesion and proliferation, greatly improving the
survival rate of transplanted cells. In addition, electrospun
fibers can be easily modified, and functionalized fibrous scaffolds
have great potential for ocular tissue engineering applications.

3.6.1 Survival of monolayer cells. Among ocular tissues,
retinal pigment epithelium (RPE) is a critical part of the eye
used for light perception, and defects in RPE can lead to vision
problems.221 As a common cause of blindness, RPE degenera-
tion can lead to degenerative retinal diseases, such as RPE
dysfunction, age-related macular degeneration, and Stargard’s
disease. No effective drugs or methods have been developed
clinically to treat RPE degeneration.222,223 RPE cell transplanta-
tion is currently the only promising treatment for RPE dysfunc-
tion. However, it is not sufficient to reconstruct the complex
cellular architecture of the RPE, and the delivery and survival of
RPE cells are also a great challenge.224 From previous studies,
it is known that, when RPE cells are injected directly, the
cells may reflux into the vitreous cavity, thus blocking the
optical pathway and even causing retinal detachment.225 More
seriously, a rapid injection of RPE cells may lead to massive cell
death.226

Although there are no studies of electrospun fibers as
scaffolds for RPE cell transplantation, there are examples of
other types of polymeric membranes for ocular tissue regenera-
tion. Currently, the main research in RPE cell transplantation
is focused on carrying monolayers of cells or cell suspensions
on polymer membranes.227 For example, an ultrathin film
composed of poly(parylene) was prepared and used as the
support for a monolayer of cells.228 It was found that on the
membrane, the survival rate of monolayer RPE cells was
improved compared to the cell suspension. Reflux was observed
on the sclera after the cell suspension was injected, which
explained the low survival rate of RPE cells by this method.
In addition, the implantation of a monolayer of RPE cells could
prevent the cell folding, which was beneficial for a faster
recovery and the maintenance of the epithelial phenotype,
demonstrating that the monolayer morphology of RPE cells
may play an important role in the repair of the rat retina. Yaji
et al. fabricated a RPE cell sheet using the poly(N-isopropyl-
acrylamide) (PIPAAm) membrane, and the post-transplantation
results showed that the monolayer structure of the RPE cell
sheet could adhere more effectively under the neuroretina for
repair than a direct injection of the isolated cell suspension.229

These existing studies also give guidance on the use of
electrospun fibers for RPE cell transplantation. The most
critical factor in RPE transplantation is the adhesion and
survival of monolayer cells. Electrospun fibers have been exten-
sively investigated for in vivo cell delivery due to their good
biocompatibility and ability to promote cell adhesion. Active
substances such as drugs or proteins can be easily loaded into
electrospun fibers, which not only promote the adhesion and

proliferation of exogenous cells, but also improve the ocular
microenvironment and contribute to the repair and regeneration
of endogenous cells. Therefore, the great potential of electrospun
fibers in RPE cell transplantation and inhibition of RPE degen-
eration can be anticipated.

In addition to RPE cell transplantation, stem cell transplan-
tation can also be applied to treat degenerative retinal diseases.
The U.S. Food and Drug Administration has approved several
cell types for use in clinical trials for the treatment of degen-
erative retinal diseases. Current promising stem cells for the
treatment of degenerative retinal diseases include retinal pre-
cursor cells (RPCs), MSCs, ESCs, and iPSCs. RPCs can develop
into various types of retinal cells that contribute to the main-
tenance of visual function after photoreceptor cell injury.
MSCs, ESCs, and iPSCs are required for directed differentiation
into RPE cells for further treatment of degenerative retinal
diseases. In situ delivery of stem cells using electrospun nano-
fiber scaffolds as carriers is an effective strategy for stem cell
transplantation. There have been numerous studies on electro-
spun nanofibers for exogenous stem cell delivery in many tissue
injury repairs. In addition to the controlled delivery of stem
cells, electrospun nanofiber scaffolds can also regulate their
migration and differentiation, which greatly improves the
therapeutic efficiency of stem cells. For the treatment of degen-
erative retinal diseases, by designing the composition and
structure of electrospun nanofiber scaffolds and introducing
bioactive substances into the scaffolds, the migration of stem
cells to the photoreceptor sites can be promoted, and their
directed differentiation into PRE cells can be regulated, which
is expected to realize the regeneration of ocular tissues and
enable patients to regain their sight.

3.6.2 Corneal epithelial cell growth and proliferation.
Corneal epithelial cells and corneal limbal epithelial cells
(LECs) are also important functional cells in the eye tissue that
determine the vision.230 LECs can positively affect corneal
healing by reducing local inflammation.231 Corneal limbal
stem cell deficiency (LSCD) can be triggered in cases of
chemical damage, radiation and burns to the cornea, as well as
contact lens-induced keratopathy and ocular surface failure.232

LSCD prevents the differentiation of corneal limbal stem cells
to corneal epithelial cells and LECs, thus affecting visual
acuity.233 Corneal rim transplantation is currently the main
method for the treatment of ocular diseases such as LSCD,
which involves the transplantation of cultured corneal rim cells
onto human amniotic membrane for implantation into the
eye.220 However, the disadvantages of amniotic membrane,
such as weakness in mechanical properties, difficulty in material
handling, and susceptibility to transmit viral diseases, limit its
application in ocular tissue engineering.221

Taking advantage of the excellent mechanical properties and
cytocompatibility of electrospun fibers, they can be applied for
the culture and transplantation of corneal cells, avoiding the
shortcomings of the amniotic membrane. Studies have shown
that electrospun fibers can promote the growth and proliferation
of LECs. In one study, an electrospun poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) nanofiber membrane was fabricated and applied
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as an alternative to the amniotic membrane to support corneal
limbal stem cells.234 The nanofibrous membrane was highly
biocompatible and could provide an environment for the growth
and proliferation of stem cells, suggesting the possibility of
manufacturing a novel biomaterial with good biocompatibility
and mechanical properties as the scaffold for ocular tissue
engineering.

In addition, electrospun fibers can be modified to regulate
their properties for suiting the application requirements.235

After treating an electrospun PCL nanofiber scaffold with
plasma (He/O), its wettability and transparency were both
improved in comparison with those of the pure PCL scaffold,
which could effectively promote the growth, adhesion, and
proliferation of LECs.236 Although electrospun nanofibers have
not yet been widely used for ocular tissue engineering studies,
their unique advantages cannot be ignored. In the future, with
good utilization, electrospun nanofiber scaffolds with capabili-
ties of excellent mechanical properties, biocompatibility, pro-
motion of cell adhesion and proliferation, and controlled drug
delivery can contribute to the development of ocular tissue
engineering.

4. Conclusions and perspectives

Electrospun nanofibers are of great importance for soft tissue
regeneration. By regulating the parameters of electrospinning
and the collection process, it is possible to obtain nanofibers
with various structures. The diameter, orientation, porosity,
and surface morphology of the nanofibers have an influence on
cell behaviors. Electrospun fibers mimic the ECM to establish
contact and signal communication with cells, thus manipulating
cell proliferation, migration, differentiation, and other behaviors.
By modulating cellular behaviors, electrospun nanofibers can
further promote tissue regeneration. Electrospun fibrous scaffolds
are prepared to meet the regenerative needs of different tissues
according to their characteristics. By modulating the surface
morphology or gradient structure of electrospun fibers, they can
provide topographical cues and tropism for tissue regeneration.
By loading or depositing bioactive substances or cells into/onto
electrospun fibers, they can provide biochemical cues for tissue
regeneration. Combining topographic design, controlled delivery
of bioactive substances, and cellular composition, electrospun
fibrous scaffolds have promoted the repair of various soft tissues
such as nerves (peripheral nerves and central nerves), skin, heart,
blood vessels, and cornea. Electrospun fibers have been exten-
sively studied in the field of tissue regeneration, and how to
effectively integrate multiple guidance signals based on existing
studies is still a key issue to be addressed in the future.
In addition to the focus on the material itself, imaging monitoring
of the treatment process and external stimulation interventions
are also of great significance for regeneration and rehabilitation.
After surgery, a real-time monitoring of the rehabilitation process
guided by imaging technologies, along with the introduction of
external stimuli to activate the functional recovery of damaged
tissues at specific stages, is crucial for the complete tissue

repair process. Therefore, a comprehensive platform for treat-
ment, monitoring, assessment, and rehabilitation, will be promis-
ing and responsive to the actual needs to achieve translation from
research to clinic, from laboratory to market, and to effectively
address the major issues of human life and health.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

This work is supported by the National Natural Science Foun-
dation of China (Grant No. 52073014 and 82002049; to J. X.),
Key Program of Beijing Natural Science Foundation (Z200025),
and Fundamental Research Funds for the Central Universi-
ties (buctrc202020). This work was also supported by the open-
ing Foundation of State Key Laboratory of Organic–Inorganic
Composites, Beijing University of Chemical Technology
(oic-202201004).

References

1 W. A. Palispis and R. Gupta, Exp. Neurol., 2017, 290,
106–114.

2 D. Wang, Y. Xu, Q. Li and L. S. Turng, J. Mater. Chem. B,
2020, 8, 1801–1822.

3 A. K. Capulli, L. A. MacQueen, S. P. Sheehy and K. K.
Parker, Adv. Drug Delivery Rev., 2016, 96, 83–102.

4 Y. Ikada, J. R. Soc., Interface, 2006, 3, 589–601.
5 M. Doostmohammadi, H. Forootanfar and S. Ramakrishna,

Mater. Sci. Eng., C, 2020, 109, 110521.
6 K. W. Lee, D. B. Stolz and Y. Wang, Proc. Natl. Acad. Sci.

U. S. A., 2011, 108, 2705–2710.
7 W. P. Daley, S. B. Peters and M. Larsen, J. Cell Sci., 2008,

121, 255–264.
8 J. G. Jacot, A. D. McCulloch and J. H. Omens, Biophys. J.,

2008, 95, 3479–3487.
9 G. Michel, T. Tonon, D. Scornet, J. M. Cock and B. Kloareg,

New Phytol., 2010, 188, 82–97.
10 F. Rosso, A. Giordano, M. Barbarisi and A. Barbarisi, J. Cell.

Physiol., 2004, 199, 174–180.
11 J. Xue, T. Wu, Y. Dai and Y. Xia, Chem. Rev., 2019, 119,

5298–5415.
12 X. Wan, Y. Zhao, Z. Li and L. Li, Exploration, 2022,

2, 20210029.
13 J. Xue, J. Xie, W. Liu and Y. Xia, Acc. Chem. Res., 2017, 50,

1976–1987.
14 S. Agarwal, J. H. Wendorff and A. Greiner, Adv. Mater.,

2009, 21, 3343–3351.
15 L. Zhan, J. Deng, Q. Ke, X. Li, Y. Ouyang, C. Huang, X. Liu

and Y. Qian, Adv. Fiber Mater., 2021, 1–11, DOI: 10.1007/
s42765-021-00116-5.

16 T. Wu, J. Xue, H. Li, C. Zhu, X. Mo and Y. Xia, ACS Appl.
Mater. Interfaces, 2018, 10, 8536–8545.

Journal of Materials Chemistry B Review

Pu
bl

is
he

d 
on

 0
9 

5 
20

22
. D

ow
nl

oa
de

d 
on

 2
02

4-
06

-2
9 

 1
:1

7:
23

. 
View Article Online

https://doi.org/10.1007/s42765-021-00116-5
https://doi.org/10.1007/s42765-021-00116-5
https://doi.org/10.1039/d2tb00609j


7304 |  J. Mater. Chem. B, 2022, 10, 7281–7308 This journal is © The Royal Society of Chemistry 2022

17 J. Xue, M. He, H. Liu, Y. Niu, A. Crawford, P. D. Coates,
D. Chen, R. Shi and L. Zhang, Biomaterials, 2014, 35,
9395–9405.

18 J. Xue, C. Zhu, J. Li, H. Li and Y. Xia, Adv. Funct. Mater.,
2018, 28, 1705563.

19 X. Gao, S. Han, R. Zhang, G. Liu and J. Wu, J. Mater. Chem.
B, 2019, 7, 7075–7089.

20 M. C. Bonferoni, C. Caramella, L. Catenacci, B. Conti,
R. Dorati, F. Ferrari, I. Genta, T. Modena, S. Perteghella,
S. Rossi, G. Sandri, M. Sorrenti, M. L. Torre and G. Tripodo,
Pharmaceutics, 2021, 13, 1341.

21 J. Pelipenko, P. Kocbek and J. Kristl, Int. J. Pharm., 2015,
484, 57–74.

22 D. Li and Y. Xia, Adv. Mater., 2004, 16, 1151–1170.
23 G. Yang, X. L. Li, Y. He, J. K. Ma, G. L. Ni and S. B. Zhou,

Prog. Polym. Sci., 2018, 81, 80–113.
24 H. Wu, J. Fan, C. C. Chu and J. Wu, J. Mater. Sci.: Mater.

Med., 2010, 21, 3207–3215.
25 G. Yan, J. Yu, Y. Qiu, X. Yi, J. Lu, X. Zhou and X. Bai,

Langmuir, 2011, 27, 4285–4289.
26 S. Eom, S. M. Park, H. Hong, J. Kwon, S. R. Oh, J. Kim and

D. S. Kim, ACS Appl. Mater. Interfaces, 2020, 12, 51212–51224.
27 A. Luraghi, F. Peri and L. Moroni, J. Controlled Release,

2021, 334, 463–484.
28 M. Rahmati, D. K. Mills, A. M. Urbanska, M. R. Saeb,

J. R. Venugopal, S. Ramakrishna and M. Mozafari, Prog.
Mater. Sci., 2021, 117, 100721.

29 J. Xue, T. Wu and Y. Xia, APL Mater., 2018, 6, 120902.
30 P.-Y. Chen and S.-H. Tung, Macromolecules, 2017, 50,

2528–2534.
31 J. Wang, H. B. Yao, D. He, C. L. Zhang and S. H. Yu,

ACS Appl. Mater. Interfaces, 2012, 4, 1963–1971.
32 Y. Zhao, X. Cao and L. Jiang, J. Am. Chem. Soc., 2007, 129,

764–765.
33 M. A. Schwartz and A. R. Horwitz, Cell, 2006, 125,

1223–1225.
34 E. H. Barriga and R. Mayor, Curr. Top. Dev. Biol., 2015, 112,

301–323.
35 C. H. Feng, Y. C. Cheng and P. H. Chao, Acta Biomater.,

2013, 9, 5502–5510.
36 K. M. Stroka, H. Jiang, S. H. Chen, Z. Tong, D. Wirtz,

S. X. Sun and K. Konstantopoulos, Cell, 2014, 157, 611–623.
37 H. Y. Mi, M. R. Salick, X. Jing, W. C. Crone, X. F. Peng and

L. S. Turng, J. Biomed. Mater. Res. A, 2015, 103, 593–603.
38 J. Xue, T. Wu, J. Qiu, S. Rutledge, M. L. Tanes and Y. Xia,

Adv. Funct. Mater., 2020, 30, 2002031.
39 J. Xue, T. Wu, J. Qiu and Y. Xia, Small Methods, 2020,

4, 2000125.
40 J. Xie, M. R. Macewan, W. Z. Ray, W. Liu, D. Y. Siewe and

Y. Xia, ACS Nano, 2010, 4, 5027–5036.
41 J. Xue, T. Wu, J. Qiu and Y. Xia, Part. Part. Syst. Charact.,

2022, 39, 2100280.
42 N. F. Huang, S. Patel, R. G. Thakar, J. Wu, B. S. Hsiao,

B. Chu, R. J. Lee and S. Li, Nano Lett., 2006, 6, 537–542.
43 B. Jankovic, J. Pelipenko, M. Skarabot, I. Musevic and

J. Kristl, Int. J. Pharm., 2013, 455, 338–347.

44 J. Xie, X. Li, J. Lipner, C. N. Manning, A. G. Schwartz,
S. Thomopoulos and Y. Xia, Nanoscale, 2010, 2, 923–926.

45 J. Xie, M. R. MacEwan, W. Liu, N. Jesuraj, X. Li, D. Hunter
and Y. Xia, ACS Appl. Mater. Interfaces, 2014, 6, 9472–9480.

46 T. Reya, S. J. Morrison, M. F. Clarke and I. L. Weissman,
Nature, 2001, 414, 105–111.

47 W. Chen, Y. Shao, X. Li, G. Zhao and J. Fu, Nano Today,
2014, 9, 759–784.

48 M. J. Dalby, N. Gadegaard and R. O. Oreffo, Nat. Mater.,
2014, 13, 558–569.

49 M. B. Taskin, R. Xu, H. Gregersen, J. V. Nygaard,
F. Besenbacher and M. Chen, ACS Appl. Mater. Interfaces,
2016, 8, 15864–15873.

50 G. T. Christopherson, H. Song and H. Q. Mao, Biomaterials,
2009, 30, 556–564.

51 A. Portone, M. Moffa, C. Gardin, L. Ferroni, M. Tatullo,
F. Fabbri, L. Persano, A. Piattelli, B. Zavan and
D. Pisignano, Adv. Funct. Mater., 2019, 29, 1806694.

52 M. N. Andalib, J. S. Lee, L. Ha, Y. Dzenis and J. Y. Lim,
Biochem. Biophys. Res. Commun., 2016, 473, 920–925.

53 C. Li, C. Vepari, H. J. Jin, H. J. Kim and D. L. Kaplan,
Biomaterials, 2006, 27, 3115–3124.

54 N. Zhang, Q.-R. Xiao, X.-Y. Man, H.-X. Liu, L.-X. Lü and
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