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Abstract

Currently, clinical strategies for the treatment of wounds are limited, especially in terms of

achieving rapid wound healing. In recent years, based on the technique of electrospinning (ES),

cell electrospinning (C-ES) has been developed to better repair related tissues or organs (such

as skin, fat and muscle) by encapsulating living cells in a microfiber or nanofiber environment

and constructing 3D living fiber scaffolds. Therefore, C-ES has promising prospects for promoting

wound healing. In this article, C-ES technology and its advantages, the differences between C-

ES and traditional ES, the parameters suitable for maintaining cytoactivity, and material selection

and design issues are summarized. In addition, we review the application of C-ES in the fields

of biomaterials and cells. Finally, the limitations and improved methods of C-ES are discussed.

In conclusion, the potential advantages, limitations and prospects of C-ES application in wound

healing are presented.
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Highlights

• The development of C-ES and the factors impacting its process are reviewed, and the differences between C-ES and traditional
ES are discussed.

• Parameter selection for C-ES and its application in the fields of biomaterials and cells are summarized. The challenges of
maintaining cytoactivity while performing C-ES as well as the corresponding solutions are introduced.

• The advantages, limitations and prospects of C-ES application in wound healing are discussed.

Background

Skin injuries, tissue defects and wound infections impose
a heavy burden on patients and healthcare systems both
socially and economically [1]. The healing of skin wounds

is a complex and highly coordinated process that is impacted
by individual health conditions and other physiological
factors [2]. The wound healing process can be divided into
four stages: hemostasis, inflammation, proliferation and
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remodeling [3]. The process may stop at any stage due to
changes in the wound microenvironment and the dysfunction
of cells, which will cause the formation of chronic wounds,
leading to the failure of wound healing, such as in the
case of diabetic foot ulcers [4]. Small and simple wounds
can usually heal with skin tissue repair, while large burns
and mechanical injuries need to be treated with external
wound dressings or other medical means [5,6]. Treatment
methods vary based on the type of wound and the health
workers treating the wound. Currently, common methods
include skin/stem cell/cell transplantation, platelet therapy,
instrumental therapy (such as negative-pressure wound
therapy, low-level laser therapy, hyperbaric oxygen therapy,
etc.) and wound dressing (Figure 1).

Autogenic tissue implantation and allogenic tissue implan-
tation have been the gold standards for the regeneration
and repair of skin tissue when treating large areas of skin
injury and refractory wounds [2]. However, the method of
implantation has certain limitations, such as immune rejec-
tion by patients, trauma caused in another area, limited
practicability and high cost [7]. Fortunately, the rise of tis-
sue engineering offers an alternative to traditional wound
repair. As the core of tissue engineering, nanofiber scaf-
folds can provide an ideal support structure that enables
cells to survive, thus leading to the promotion of wound
repair and healing. Electrospinning (ES) is a simple, efficient
and economical technology compared to other methods of
preparing nanofiber scaffolds. Polymer filaments with solid,
hollow, core–shell or nanoscale structures can be prepared
according to the requirements of the target products [8].
Fiber scaffolds made by ES have the advantages of high
porosity, ideal mechanical properties and excellent biocom-
patibility. Such scaffolds are also conducive to cell respira-
tion and water retention on the wound surface [9]. There-
fore, it is worth researching the application of ES in wound
dressings.

However, ES creates a native extracellular matrix-
mimicking environment that lacks the key element (i.e. living
cells) in the reconstruction of 3D living tissue function. In
2006, Townsend-Nicholson and Jayasinghe [10] successfully
encapsulated astrocytoma (1321 N1) cells in fibers using ES
technology for the first time, laying a foundation for the
study of cell electrospinning (C-ES). By embedding living
cells into fiber scaffolds based on ES technology, C-ES is
able to achieve the regeneration and repair of specific tissues
or organs. In recent years, many scholars have focused on
how to evenly seed cells into the interior of fiber scaffolds
to give full play to the function of loaded cells. However,
various parameters concerning the preparation of C-ES fiber
scaffolds may affect cell distribution and cytoactivity, which
brings challenges to researchers [11]. The porosity and size of
fiber scaffolds have significant effects on cell migration and
growth [12]. Therefore, it is important to carefully analyze
the preparation process of C-ES nanofibers. In addition,
the maintenance of cytoactivity while performing C-ES and
applying it in wound dressing cannot be achieved without the

participation of various biomaterials or bioactive molecules.
The selection and application of related biomaterials and
bioactive molecules in the operation of C-ES have been
summarized and analyzed, which will be of great value
for the preparation of multifunctional wound dressing
products in the future. Wound infection includes a series of
dynamic pathophysiological processes, including microbial
colonization, biofilm formation and invasive infection [13].
In recent years, various antibiotics and botanical drugs
have been explored in the treatment of wound infection,
some of which exhibit ideal therapeutic effects. The rapid
development of pharmaceuticals, combined with C-ES
technology, has led to the trend of designing drug-loaded
nanofiber scaffolds.

In this review, we summarize the C-ES technique and
compare the differences between C-ES and traditional ES.
Aimed at the promotion of wound healing, the selection and
application of cells and biomaterials while performing C-ES
are discussed. As maintaining cytoactivity during the C-ES
process is important, parameter regulation and improvement
methods for C-ES are summarized. Furthermore, the difficul-
ties and challenges researchers may encounter in the future
while applying C-ES to wound healing are analyzed, and an
effort has been made to propose solutions to these challenges.
Finally, it is hoped that this review will inspire researchers to
make breakthroughs in the treatment of wounds and extend
the application of C-ES in the repair of burns and wounds.

Review

C-ES technology

C-ES is a technique that uses an electric field to create fibers
with embedded living cells [10]. As shown in Figure 2, the
process basically requires three components, namely, a nozzle
tip connected to a high-voltage direct current or high-voltage
alternating current, a flow controller and a capture device
[14]. A large number of papers about the application of
ES in wound healing have been published, which is largely
attributed to ES’s simple process and its ability to manu-
facture multifunctional nanofiber products. However, the ES
technique has some disadvantages, such as the use of toxic
solvents, insufficient cell infiltration, uneven cell distribution,
and inability to achieve encapsulation and culture of cells
in vitro [11]. In contrast, by encapsulating different types
of living cells, C-ES can achieve ideal cell infiltration and
even cell distribution, thus increasing functional connections
among cells and accelerating the regeneration and repair of
specific tissues and organs [15]. Therefore, C-ES may bring
new hope for the treatment of skin defects and refractory
wounds with large areas. For instance, with the help of
sodium alginate (SA)/polyethylene oxide (PEO) solution, Yeo
and Kim [16] encapsulated human umbilical vein endothelial
cells (HUVECs) in fibers based on C-ES technology, thereafter
promoting the generation of microvessels. In addition, they
found that the encapsulation of myoblasts (C2C12 cells) also
promoted muscle formation.
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Figure 1. Methodologies used for wound healing. Some common methods include skin/stem cell/cell transplantation, instrumental therapy (such as negative-

pressure wound therapy, low-level laser therapy, hyperbaric oxygen therapy, etc.), wound dressing and platelet therapy. PRF platelet-rich fibrin, PRP platelet-rich

plasma, CGF concentrate growth factors

Parameters related to C-ES

The preparation of fiber scaffolds/fiber membranes using
C-ES is affected by various technological, solution and
environmental parameters. The regulation of parameters is
crucial for the preparation of target fibers, the maintenance of
cytoactivity and the exercise of cell function [17]. For
instance, the intensity of the electric field, the distance
between the nozzle tip and the capture device, the concen-
tration, viscosity and propulsion speed of the bioink, and
environmental factors (temperature and humidity) need to
be strictly controlled while preparing multifunctional fiber
scaffolds with high porosity. As shown in Figure 3, we found

in an experiment that nanofibers made in an environment of
high humidity had bead- or droplet-like structures, making it
difficult to prepare fiber scaffolds with even morphology.

In this section, we introduce the effects of technological,
solution and environmental on fiber preparation and cytoac-
tivity during the C-ES process and propose corresponding
solutions, as shown in Table 1.

Technological parameters In the process of C-ES, the electric
field is essential to spin the bioink into micro/nano fila-
ments [35]. The electric-field intensity also affects cytoactivity
and fiber morphology [16,26]. If the intensity is too strong,
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Figure 2. Basic schematic diagram of an electrospinning (ES) device. (a) Physical diagram of an ES system. (b) Schematic diagram of an ES system

Figure 3. Electrospun nanofiber electron microscopy at different humidities. (a) Electrospun nanofiber morphology at normal humidity. (b) Electrospun nanofibers

in high-humidity environments contain beads and droplets

the cytoactivity will decline, and fibers with finer diameters
will be produced. For instance, some scholars have inves-
tigated the cytoactivity of C2C12 myocytes in nanofibers
generated by SA and PEO. When the field intensity was
>0.1 kV/mm, cytoactivity showed a significant decrease. An
intensity in the range 0.05–0.075 kV/mm corresponds to
ideal cytoactivity [16]. Although the application of a low-
intensity electric field (0.05 kV/mm) maintained cytoactivity,
the prepared fibers did not meet the requirements of the
target product. In another study, when encapsulated into a
mixed nanofiber scaffold consisting of SA/polycaprolactone
(PCL)/lecithin, MG63 osteoblast-like cells showed signifi-
cantly decreased cytoactivity when the electric-field intensity
was >0.16 kV/mm. When the intensity was in the range 0.1–
0.13 kV/mm, no fiber was produced [26]. Therefore, aiming
for ideal cytoactivity and fiber morphology during the C-ES
process, it is important to adjust the range of electric-field
intensity according to the type of cell and biomaterials. In
addition, the distance between the nozzle tip and the electrode
is an essential parameter. It not only affects the morphology
of nanofibers but also impacts how long cells are exposed
to the electric field [28]. In the C-ES process, the velocity of
flow is related to the rate of pushing the syringe. The faster
the flow velocity is, the greater the shear force will be. An
increase in shear force will have a negative effect on cells and

lead to the formation of fibers with beaded structures [11].
Although increasing the electric-field intensity or the distance
between the nozzle tip and the electrode may help produce
ideal fibers, cytoactivity cannot be guaranteed at the same
time. Therefore, to achieve scaffolds with ideal morphology
and the maintenance of cytoactivity, the velocity of flow needs
to be regulated strictly.

Solution parameters The solution parameters affecting the C-
ES process include solution viscosity, surface tension, polymer
concentration, molecular weight, and the type and proportion
of solvent. The selection of solvent is essential for the mainte-
nance of cytoactivity [36]. It is well known that most solvents,
such as alcohols, dichloromethane, chloroform, dimethylfor-
mamide, tetrahydrofuran, acetone and dimethyl sulfoxide,
are toxic to cells to some extent. Some researchers have
demonstrated that chloroform, tetrahydrofuran and acetone
cannot be used for C-ES, especially for instant ES using hand-
held devices [36]. The volatility of the solvent is another
element that should be noted. Volatility that is too high will
cause the jet flow to solidify after being discharged. When the
volatility is too low, the fibers become wet when deposited
on the capture device [8]. Furthermore, the volatilization of
solvents exerts negative effects on cells in the C-ES process.
For example, Canbolat et al. [37] found that residual solvents
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Table 1. Effects of relevant parameters on cell viability and fiber morphology and methods for resolution

Parameter Effects on cytoactivity Effect on fiber
morphology

Methods for
maintaining
cytoactivity

Methods of
maintaining fiber
morphology

References

Molecular weight,
molecular structure of
the polymer
(branched, linear, etc.)

Polymers with certain
molecular weight are
beneficial, while
polymers with high
molecular weight have
negative effects on
cytoactivity

High molecular weight
produces fibers, low
molecular weight
produces beads

Select polymers with
appropriate
molecular-weight
range

Select polymer
materials with
different molecular
weights or add
physical crosslinking

[8,18,19]

Polymer concentration A certain concentration
is beneficial, while high
concentration has a
negative impact on
cytoactivity

Within a certain range,
the fiber diameter is
positively related to the
polymer concentration,
and low concentration
produces electrospray

Properly reduce
polymer concentration
and surface tension

Adjust the ratio of
polymer and solvent

[8,20–22]

Solution viscosity Low viscosity is
beneficial, while high
viscosity has a negative
effect on cytoactivity

Low viscosity causes
bead formation, High
viscosity increases fiber
diameter, making it too
high to eject solution

Properly reduce
solution viscosity and
surface tension

Adjust the ratio of
polymer and solvent

[8,11,23]

Conductivity Low conductivity is
beneficial, while high
conductivity has a
negative effect on
cytoactivity

Higher conductivity
produces finer fibers

Select polymers with
low conductivity as
much as possible

Introduce ionic
compounds, such as
salts or inorganic acids

[8,11,21]

Surface tension The lower the surface
tension, the smaller the
negative effect on
cytoactivity

High surface tension
leads to jet instability
and low surface tension
is conducive to the
production of thinner
fibers

Reduce surface tension Add surfactants [8,11,24,25]

Injection rate/flow
rate

The smaller the flow
rate, the smaller the
negative effect on
cytoactivity

Low flow-rate produces
finer fibers, while high
flow-rate produces
beaded fibers or
droplets

Keep the liquid
inlet-rate as low as
possible to reduce the
shear force

Control the solution
advancing speed

[11,23,24]

Size of electromotive
force

The lower the
electromotive force, the
smaller the effect on
cytoactivity

Higher electromotive
force produces finer
fibers

In the case of fiber
preparation,
electromotive force is
reduced as far as
possible

Regulate voltage [8,11,26]

Distance between
capillary tube and
collecting screen

The smaller the
distance, the less the
exposure time of the cell
electric field

A certain distance is
conducive to the
maintenance of fiber
morphology, and bead
fibers or droplets are
produced at a small
distance

Select the appropriate
distance between the
capillary tube and the
collection screen

Adjust the distance
between capillary tube
and collecting screen

[8,11,27,28]

Motion pattern of the
collection device

A movement trend with
uniform embedding and
small shear force is
beneficial to maintain
cytoactivity

It has nothing to do
with fiber morphology,
it has to do with fiber
arrangement

By modifying the
receiving device, the
cell activity is
maintained

Fix or move as
required

[8,29]

Volatility of solvent The volatilization and
type of solvent have
negative effects on
cytoactivity

Too high a value will
cause the jet to solidify
and too low a value will
cause the collected fiber
to become wet

Select low cytotoxicity
or avoid negative
effects of solvent on
cells

Modify the proportion
and type of solvent

[8,30,31]

(Continued)
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Table 1. Continued

Parameter Effects on cytoactivity Effect on fiber
morphology

Methods for
maintaining
cytoactivity

Methods of
maintaining fiber
morphology

References

Temperature Either a high or a low
temperature has a
negative effect on
cytoactivity

High temperature is
conducive to producing
finer fibers, but too high
a value is not conducive
to extension

Select temperature
conducive for cell
survival

Control the working
temperature to achieve
the preparation of
target fiber

[8,11,32,33]

Humidity Too high or too low
humidity has a negative
effect on cytoactivity

Lower humidity forms
drier and finer fibers,
and higher humidity
forms beaded fibers or
liquid droplets

Select the proper
humidity to maintain
cytoactivity

Regulate working
humidity

[8,11,34]

in ES scaffolds reduced cytoactivity, while clean scaffolds
could only increase cytoactivity by 5–10%. Therefore, many
factors need to be taken into account when selecting solvents
for C-ES. The appropriate surface tension and electrical con-
ductivity of bioinks, which are also critical to cytoactivity,
are impacted by the solvent ratio [8]. For instance, studies
have shown that the ratio of dichloromethane to dimethyl-
formamide determines the surface tension of PCL solution
[31]. The appropriate ratio of solvent to polymer provides the
required viscosity, surface tension and electrical conductivity
[8]. In addition, from the perspective of 3D printing, the
viscosity of the solution is closely related to the uniform
encapsulation of cells and the formation of a good fiber
morphology in the C-ES process [22,38]. Viscosity that is too
high will not only affect the preparation of fiber scaffolds
but also inhibit the even distribution of cells and reduce the
efficiency of encapsulation. Moreover, high viscosity normally
corresponds to a larger shear force generated by the solution,
thus having an adverse effect on cytoactivity [39,40]. A
solution with a viscosity that is too low is also not suitable
for C-ES due to the difficulty in forming even fiber filaments
in the electric field [30]. Therefore, to satisfy the preparation
of target fibers, it is necessary to strictly adjust the viscosity
of the solution to facilitate the even distribution and ideal
encapsulation of cells in the C-ES process.

Environmental parameters Environmental factors, such as
temperature, humidity and aseptic conditions, also have a
great influence on C-ES [11]. Temperature affects the rheol-
ogy, viscosity and surface tension of the solution [32,33,41].
Cytoactivity is also influenced by temperature. As a result,
temperature is strictly limited in the C-ES process so as not to
cause damage to cells. Humidity is also an important element
impacting the formation of C-ES fibers. As shown in Figure 3,
we found experimentally that fiber scaffolds produced in
different seasons showed different fiber morphologies under
scanning electron microscopy, which may be due to different
levels of humidity. Humidity that is too high normally causes
elongation of the initial jet flow, leading to the formation of
beaded fibers, which inhibits the even distribution of cells

during the C-ES process [34]. Low humidity is also not
conducive to the maintenance of cytoactivity. Therefore, C-ES
experiments must be carried out under precisely appropriate
conditions of indoor humidity [42].

In summary, changes in any parameter may directly or
indirectly affect the formation of fibers and the maintenance
of cytoactivity. It is of vital significance to strictly control
these parameters.

C-ES and wound healing

Skin is the first barrier for resisting harmful factors in the
external environment and is thus maintains the stability of the
internal environment, which means it is susceptible to numer-
ous factors. Recently, researchers have shown an increased
interest in the preparation of ES nanofibers and their applica-
tion in wound healing [2]. The nanofiber scaffolds prepared
by ES, acting as support structures, can promote the pro-
liferation and differentiation of wound tissue cells through
physiological and biochemical effects. However, ES does not
involve the participation of exogenous cells, which leads to
a lack of cells during the repair of areas with tissue defects.
C-ES can address this issue by encapsulating different types
of cells, thus accelerating wound healing and repair. Figure 4
shows the process of preparing a wound dressing using C-ES.
This section summarizes the advantages of C-ES. Moreover,
the application of cells and biomaterials in C-ES as well as
their contribution to wound healing are reviewed. Finally,
depending on the characteristics of wound healing, methods
to achieve cell migration and growth, and drug loading in C-
ES fiber scaffolds, are introduced.

Advantages of C-ES in wound healing In recent years, some
researchers have reported achievements while applying C-
ES to wound healing. For instance, Xu et al. [36] prepared
an 8% polyvinyl alcohol (PVA) solution, mixed stem cells
with it and then made a fiber pad using a hand-held ES
device. They proved that the fiber pad could promote the
healing of full-thickness skin wounds in rats. In addition,
some scholars have shown that C-ES can process substantial
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Figure 4. Cell electrospinning of cells and active substances for skin wound healing. A variety of active substances can be electrospun as multifunctional wound

dressings to provide a suitable microenvironment for different stages of wound healing, including hemostasis, inflammation, proliferation and remodeling

numbers of cells, achieving ideal infiltration and an even
cell distribution [43]. As shown in Table 2, research on C-
ES has achieved varying degrees of progress from 2006 to
2023. Based on principles of tissue regeneration and repair,
loading cells and molecules crucial for wound healing through
C-ES and constructing an environment similar to extracel-
lular matrix (ECM) may be a potential method of wound
treatment.

Compared with other synthesis methods of nanofiber
scaffolds (e.g. cell printing), C-ES produces nanoscale fiber
scaffolds that offer higher resolution and better ECM-like
structures [11]. Some researchers have found that stem-
cell-derived smooth muscle cells (SMCs) undergoing the C-
ES process showed higher levels of maturation than those
undergoing cell printing [53]. In addition, C-ES nanofibers
demonstrate the synergistic effect of nanoscale patterning
by guiding cells to align along the fibers, rather than
merely simulating the size of the structure; furthermore,
the C-ES nanofiber scaffolds can exchange nutrients and
oxygen efficiently, facilitating intercellular interactions [11].
By loading cells crucial for wound healing, C-ES can not
only achieve the adhesion, migration and proliferation of
tissue cells outside the scaffold but also compensate for
the shortage of cells in the defect area by introducing
cells. However, there also exist some limitations while
performing C-ES. For instance, the mechanical strength
of scaffolds is reduced to maintain cytoactivity, and the
selection of biomaterials and solvents is relatively limited.

The advantages and limitations of C-ES are listed in
Table 3.

Polymers in wound-healing applications As mentioned
above, the key to the success of C-ES lies in the maintenance of
cytoactivity. As shown in Table 4, in recent years researchers
have used a variety of biomaterials to construct C-ES fiber
scaffolds loaded with active cells. Table 5 lists common
biomaterials used for ES in wound dressing studies. The
selection of biomaterials and their application in C-ES are
summarized, which may help with the preparation of C-ES
products aimed at wound healing in the future. This section
introduces related biomaterials, including natural polymers
and synthetic polymers.

Natural polymers Natural polymers come from a variety of
renewable sources and have inherent biocompatibility and
biodegradability. For instance, chitosan (CS), hyaluronic acid
(HA), SA and collagen and silk fibroin (SF) have been widely
used in skin tissue engineering. SA, PEO, lecithin and gelatin
(Gel) have attracted much attention for application in C-ES
(Table 4).

CS, a biological polysaccharide polymer, possesses
good biocompatibility, biodegradability and antimicrobial
properties [83]. Interestingly, proteoglycan, the building
block for connective tissue and cartilage, can be derived
from glucosamine and monosaccharides produced during the
hydrolysis of CS [84]. Therefore, CS shows great potential in
the repair of tissue and invention of new wound dressings.
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Table 2. Evolution of cell electrospinning (C-ES)

Year of publication Article title (main content) Reference

2006 Electrohydrodynamic jet processing: an advanced electric-field-driven jetting phenomenon for processing
living cells

[44]

2006 Stable electric-field driven cone-jetting of concentrated biosuspensions [109]
2006 Cell electrospinning: a unique biotechnique for encapsulating living organisms for generating active biological

microthreads/scaffolds
[10]

2007 Cell electrospinning highly concentrated cellular suspensions containing primary living organisms into
cell-bearing threads and scaffolds

[58]

2008 Pilot study to investigate the possibility of cytogenetic and physiological changes in bio-electrosprayed human
lymphocyte cells

[45]

2008 Bio-protocols for directly forming active encapsulations containing living primary cells [59]
2010 The differentiation and engraftment potential of mouse hematopoietic stem cells is maintained after

bio-electrospray
[46]

2011 Bio-electrosprayed living composite matrix implanted into mouse models [47]
2011 Bio-electrospraying and cell electrospinning: progress and opportunities for basic biology and clinical sciences [48]
2013 Cell electrospinning: an in vitro and in vivo study [110]
2013 Cell electrospinning: a novel tool for functionalising fibres, scaffolds and membranes with living cells and

other advanced materials for regenerative biology and medicine
[29]

2014 Cell electrospinning cardiac patches for tissue engineering the heart [43]
2015 Platform technologies for directly reconstructing 3D living biomaterials [49]
2015 Fabrication of cell-laden electrospun hybrid scaffolds of alginate-based bioink and PCL microstructures for

tissue regeneration
[26]

2015 A novel bioactive membrane by cell electrospinning [15]
2018 Recent advances in cell electrospining of natural and synthetic nanofibers for regenerative medicine [50]
2019 Modified cell-electrospinning for 3D myogenesis of C2C12s in aligned fibrin microfiber bundles [61]
2019 Cell-electrospinning and its application for tissue engineering [11]
2020 Electrospinning live cells using gelatin and pullulan [51]
2020 Electrospun nanofibers as carriers of microorganisms, stem cells, proteins and nucleic acids in therapeutic and

other applications
[52]

2020 Micro/nano-hierarchical scaffold fabricated using a cell electrospinning/3D printing process for co-culturing
myoblasts and HUVECs to induce myoblast alignment and differentiation

[57]

2022 In situ cell electrospun using a portable handheld electrospinning apparatus for the repair of wound healing in
rats

[36]

2023 Esophageal wound healing by aligned smooth muscle cell-laden nanofibrous patch [53]

PCL polycaprolactone, C2C12s mouse myoblasts, HUVECs human umbilical vein endothelial cells

Table 3. Advantages and disadvantages of C-ES and traditional ES

Advantages/disadvantages C-ES Traditional ES

Advantages Can better achieve cell-to-cell interactions
Good for cell infiltration and migration
Efficient and rapid exchange of gases and substances
Uniform distribution of the cells in the scaffold
Use of nontoxic/low-toxicity solvent (better biocompatibility)
The structure of the fibrous scaffold is fine
Many cells can be processed

The process is simple and easy to operate
Provides controllable micro/nanofiber structures
Models the native ECM structure
High surface area and porosity
There is a wide variety of spinnable substances
Spinning is cheap
Products can be prepared with various properties

Disadvantages The 3D structures are very difficult to implement
The mechanical strength of the stent is low
Difficult to balance maintenance of cellular activity with scaffold
properties
The cost is relatively high
Selection of materials is relatively limited
The parameter requirements are more stringent

The use of toxic solvents
The distribution of the cells is not uniform
Insufficient infiltration and migration of cells
Insufficient structural refinement

ECM extracellular matrix, C-ES cell electrospinning, ES electrospinning

Ma et al. [85] produced porous scaffolds by crosslinking
CS and collagen with glutaraldehyde and then using a
freeze-drying method. They found that the potential

cytotoxicity of glutaraldehyde was reduced in the presence of
CS. CS can improve the cross-linking efficiency in collagen-
based scaffolds. In addition, CS can play a role in wound
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Table 4. Description of materials used for C-ES classified into natural and synthetic polymers

Polymer Material Research portfolio Advantages Disadvantages References

Natural polymer Collagen Collagen/PEO solution Highly biocompatible
and biodegradable
Relative
nonimmunogenicity

Poor mechanical strength
Expensive

[29,54,55]

GEL Not mentioned Biocompatible and
biodegradable
Relatively low cost

Poor mechanical strength [29,56]

SA SA/PEO/lecithin
solution
SA/PEO solution

Biocompatible and
biodegradable
Sufficient cross-linking
capacity
Relatively low cost
Non-toxic

Poor mechanical strength
without crosslinking
Low biological
characteristics

[16,26,53,57]

Synthetic
polymer

PDMS PDMS Non-toxic
Inertia
Viscoelasticity is
uniform and isotropic
High solubility and
biodegradability

Lack of biological
function clues

[10,58,59]

PVA PVA Relatively low cost
Durable
High temperature
stability

Lack of biological
function clues

[15,36]

PLLA PLLA Good biodegradability
Good biocompatibility

Lack of biological
function clues

[60]

PEO Collagen/PEO solution
SA/PEO/lecithin
solution
SA/PEO solution

Good biodegradability
Good biocompatibility

Lack of biological
function clues

[16,26,53,57,61]

C-ES cell electrospinning, PEO polyethylene oxide, SA sodium alginate, PDMS polydimethylsiloxane, PVA polyvinyl alcohol, PLLA poly(L-lactic acid), GEL
gelatin

cleaning by accelerating the transfer of inflammatory cells
and the secretion of type III collagen, thus promoting the
formation of granulation tissue and epithelial tissue [86].
Santos et al. [87] demonstrated that CS accelerated wound
healing by promoting the infiltration of polymorphonuclear
cells at the wound site.

Collagen, an ECM protein produced mainly by fibroblasts
and chondrocytes, has good elasticity and malleability [54].
No significant changes in cytoactivity or cell function were
observed in primary muscle cells in collagen solution when
applying collagen in C-ES, indicating that collagen is not
cytotoxic. Rho et al. [88] developed a collagen fiber scaffold
and investigated its effects on human keratinocytes. The
results showed that the scaffold promoted the cell adhesion
and proliferation of human keratinocytes. Moreover, in heal-
ing tests of open wounds, collagen scaffolds accelerated the
removal of surface tissue debris and proliferation of fibrob-
lasts and neonatal capillaries.

SA, a natural polysaccharide derived from brown algae
or cell walls, also shows great prospects in skin repair. For
instance, a mixture consisting of SA, PEO and lecithin can be
used for the regeneration of soft tissue and bone [26]. The
use of SA improved cytoactivity to a certain extent during the

C-ES process. Some researchers prepared a bioink by mixing
A2P3 solution (2% SA and 3% PEO) with mesenchymal
stem cells (MSCs) and SMCs using C-ES technology, and a
PCL fiber pad was used as the receiving platform to provide
mechanical support. In this study, a 300 μm PCL scaffold
was prepared by 3D printing PCL to provide mechanical
support for C-ES. MSCs and SMCs were then printed onto the
PCL pillar at a pneumatic pressure of 120 kPa and a nozzle
movement speed of 10 mm/s. In this way, a patch with aligned
SMC fibers was developed to promote esophageal healing.
The results showed that the cytoactivity of MSCs and SMCs
was >90% and was maintained for 21 days [53]. In the clinic,
SA fibers can also be made into medical swabs and surgical
absorbent dressings.

HA is a proteoglycan widely found in ECM. It can be
decomposed and absorbed in the human body, but the
mechanical properties of homogenous HA fiber scaffolds
are not stable. Hence, to achieve mechanical stability and
biological compatibility, some scholars used ES to prepare
a double-layer polymer scaffold composed of CS, PCL and
HA, which possessed ideal antibacterial properties due to
the incorporation of CS [89]. Most noteworthy is that
the scaffold also has good hydrophilicity and elasticity in
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Table 5. Some common biomaterials for ES classified into natural and synthetic polymers in wound dressing studies

Polymer Material Describe Applications References

Natural polymer CS Chitosan is a natural polysaccharide with good
antibacterial property, high biocompatibility and
controllable biodegradability

Wound dressing
Biomedical materials
Drug delivery

[62,63]

HA Hyaluronic acid is a kind of proteoglycan in ECM,
which can be decomposed and absorbed in human
body, non-toxic and low immune response

Medical implants
Skin tissue engineering

[64,65]

SF Silk fibroin is a natural macromolecular fibrin
extracted from silk, with good biocompatibility and
biodegradability

Biological materials
Wound dressing

[66,67]

GEL Collagen is a water-soluble elastin monomer with
good biocompatibility and hydrophilicity

Tissue engineering scaffold
Wound healing
Wound dressing

[68–70]

Synthetic polymer PEG A water-soluble synthetic polymer with good
wettability, commonly used in drug carriers and
fiber products

Nonwoven tissue engineering scaffolds [71,72]

PU The composite membrane prepared from synthetic
polymer has the characteristics of good elasticity,
light weight, good oxygen permeability, high
mechanical strength and good barrier performance,
and is often used in biomedical applications

Non-woven fabric tissue template
Wound healing

[73,74]

BG A kind of material that can repair, replace and
regenerate the body tissue, and can form a bond
between the tissue and the material

Tissue engineering scaffold [75,76]

PLGA It is formed by random polymerization of two
monomers, lactic acid and glycolic acid, with
good biocompatibility, non-toxicity, good
encapsulation and biodegradability

Wound healing
Biomedical applications

[77,78]

PLA A non-toxic, degradable, biocompatible and good
mechanical properties synthetic polymer

Tissue repair
Wound healing
Wound dressing

[79,80]

PCL A synthetic polymer that can be used for human
tissue engineering, with high mechanical strength,
good processability and biodegradability

Bone tissue engineering
Biomedical applications

[81,82]

ES electrospinning, CS chitosan, HA hyaluronic acid, SF silk fibroin, GEL gelatin, PEG polyethylene glycol, PU polyurethane, BG bioactive glass, PLGA
polylactic acid-glycolic acid, PLA polylactic acid, PCL polycaprolactone, ECM extracellular matrix

both dry and humid environments, which can be taken
advantage of to promote the adhesion and proliferation of
renal epithelial cells, providing a new method for wound
treatment.

SF is a protein containing 5263 amino acid residues whose
β-folded structure gives it excellent mechanical properties
[90]. Owing to its ability to promote skin collagen synthe-
sis and epithelialization through the rapid proliferation of
epithelial cells, SF has been widely used in various forms,
such as hydrogels, sponges, films and microspheres [91]. Roh
et al. [92] prepared a hybrid SF/SA scaffold and found that
it accelerated the healing of full-thickness wounds in rats. In
addition, Yoo et al. [93] prepared CS/SF biomimetic nanos-
tructure scaffolds through ES and found that the combination
of 25% chitin and 75% SF was promising for the adhesion
and proliferation of normal human keratinocytes.

However, most of the naturally occurring polymers dis-
cussed above are hydrophilic, with weak molecular-chain
entanglement and large repulsive forces between ions, which
inevitably leads to defects in fiber structure and morphology

in the process of performing C-ES [94]. To overcome these
limitations, core–shell nozzles or mixtures containing multi-
ple polymers can be used. For instance, the key factor that
interferes with SA-based ES is the repulsive force between
polyanions. Therefore, the addition of PEO to SA can reduce
the repulsive force and decrease the degree of ionization
of carboxylate, leading to an increase in molecular-chain
entanglement [95]. In addition, these natural polymers can
be chemically cross-linked or physically treated before the
ES process, thus avoiding the structural and morphological
shortcomings of ES.

Synthetic polymers Synthetic polymers are widely used in
the medical field because of their excellent physical and
chemical properties, good biological characteristics, and easy
processing and production [96]. For example, polyurethane
(PU) film, which possesses high elasticity, light weight, good
oxygen permeability, high mechanical strength and ideal
barrier properties, is often used in biomedical fields [97].
Furthermore, PU membranes can be used as nanofiber
materials to accelerate wound epithelialization and dermal
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tissue formation. Two types of synthetic polymers used
earlier in C-ES were PVA and polydimethylsiloxane (PDMS).
PVA, a safe macromolecular organic substance with good
biocompatibility, can be used in ophthalmology and wound-
dressing preparation [98,99]. One of the steps in the earliest
version of C-ES was to encapsulate cells into PDMS fibers.
Specifically, it was proven that after astrocytoma cells
were successfully embedded into a fibrous scaffold using a
0.09 kV/mm electric field, they maintained a certain level of
vitality (67.6 ± 1.9%) [10]. PCL, a kind of synthetic polymer,
can be used in human tissue engineering. It has the advantages
of strong mechanical properties, easy processing and good
biodegradability [100]. Therefore, the use of PCL can make
up for the defects of GEL fiber. During wound healing,
fibroblasts play an important role in enhancing wound
contraction and intercellular matrix recombination. Studies
have shown that PCL/GEL nanofibers can provide a favorable
substrate for the growth of dermal fibroblasts. Nanofiber
scaffolds of PCL have high porosity, which can promote
the adhesion and migration of fiber cells and offer space
for their growth [101]. Therefore, the combination of PCL
and GEL, which guarantees certain mechanical properties
and biodegradability, has become a promising alternative to
real leather [102]. In addition, the good biocompatibility
and in vivo degradability of polylactic acid-glycolic acid
(PLGA) has attracted the attention of researchers. The
combination of PLGA and inorganic nanocomposites may
promote tissue regeneration, accelerate wound healing and
inhibit inflammatory responses [103]. Bioactive glass (BG)
is a class of material with the ability to bond with both
bone tissue and soft tissue [104]. The degradation products
of BG can also promote the generation of growth factors
and enhance the proliferation of cells [105]. These synthetic
polymers have promising prospects for application in wound
healing. Proper selection of these polymers, based on their
physical, chemical and biological properties, combined with
the use of other bioactive/nonbioactive substances and the
accurate regulation of C-ES-related parameters, makes it
possible to prepare ideal nanofiber scaffolds, which possess
great application value in drug delivery and wound dressing.
At present, most of these synthetic polymers are used in ES
processes. A few of them, in the form of fiber pads, are applied
in C-ES to increase mechanical strength.

C-ES nanofibers In the C-ES process, multiple types of cells
and various molecules can be fixed in the fiber simultaneously
during the preparation of the scaffold. However, the wound
healing process includes several successive phases of cellular
and biochemical activity [2]. Moreover, different wound sites
and injury conditions determine the selection of different
treatment methods, which also increased the requirements in
the preparation of tissue engineering scaffolds. It is important
to regulate the specific parameters to produce nanofiber
scaffolds with a specific function and morphology according
to the characteristics of the wound surface. In addition, C-
ES nanofibers are expected to fully simulate the biological

and physicochemical properties of skin tissue. According
to the site of the wound, the depth range of the wound
and the healing condition of the wound, C-ES nanofibers
should be adjusted in terms of several aspects, including
the selection of materials, diameter, arrangement and fiber
morphology. For example, the corneal stromais composed
of orthogonally arranged collagen nanofiber layers, which
are sensitive to light transparency. If the fiber structures
made through ES simulate this orthogonal arrangement, the
phenotype of corneal cells may be maintained, thus achiev-
ing corneal regeneration [106]. For muscle regeneration, the
uniaxial arrangement of micropatterns is important for mim-
icking the structure of the native ECM [16]. In skin regen-
eration and repair, cross-linked nanofibers performed better
in promoting the migration of fibroblasts and keratinocytes
in vivo than axially arranged nanofibers [107,108]. More-
over, based on the treatment requirements of specific wound
surfaces, nanofiber scaffolds of various forms, such as solid,
porous, banded, core–shell, hollow, beaded and multichannel,
can be obtained [8]. However, it is difficult to maintain
cytoactivity while preparing nanofiber scaffolds with specific
morphology and properties during the C-ES process. One
recognized method to address this issue is coaxial ES, in
which a cell suspension is placed in the inner needle and
a biopolymer solution is placed in the outer needle. On
one hand, the biopolymer solution in the outer layer shields
the effect of high voltage on the inner cells. On the other
hand, it encapsulates the cells and offers the matrix necessary
for their survival. For example, some researchers placed a
suspension containing 1321 N1 cells in the inner needle of
the core–shell nozzle and placed PDMS solution in the outer
needle for C-ES. The results showed an enhancement of the
mechanical properties of the fibers, and the cytoactivity of the
encapsulated cells was close to 70% of their original value
[58].

C-ES and cells In tissue engineering, cells need to proliferate
and differentiate in a customized micro- or nano-environment
to achieve tissue repair. The application of relevant cells in the
C-ES process and the main cells involved in wound healing
are reviewed in this section, which may help with the future
application of C-ES in burn and wound repair.

Cells used for C-ES Various types of cells, such as neuroblas-
toma cells, cardiomyocytes, osteosarcoma cells, osteoblasts,
mesenchymal stem cells and adipose stem cells, have been
used for C-ES since 2006. In these studies, different types of
bioink solutions tailored to the corresponding cells were used
for the repair and reconstruction of different tissues. Table 6
shows cells and solutions selected for use during the C-ES
process.

Cells involved in the wound-healing process Certain cells are
involved in different stages of wound healing, and these
cells are highly coordinated in the regulation of the wound-
healing process. At the initial stage of wound healing, platelets
are activated and release platelet-derived growth factor
and transforming growth factor-β. Platelet-derived growth



12 Burns & Trauma, 2023, Vol. 11, tkad028

Table 6. Effect of cells, solutions and range of electric fields used in C-ES studies on cytoactivity

Cell types Solution Solvent Electrospinning
method

Electric field Cytoactivity Refer-
ences

Osteoblast (MG63)
cells

SA/PEO/lecithin PBS Blend electrospinning 0.16 kV/mm >80% [26]

Primary
cardiomyocytes

Matrigel-rich
collagen
biopolymer

Not mentioned Blend electrospinning 0.47–0.67 kV/mm >80% [43]

C2C12 myoblast cells SA/PEO Distilled water Blend electrospinning 0.075 kV/mm >90% [16]
C2C12
myoblast cells

Fibrin/PEO Deionized water Blend electrospinning 0.056 kV/mm Not mentioned [61]

Primary porcine
vascular SMCs and
RASMCs

PDMS Not mentioned Coaxial
electrospinning (inner
cell suspension and
outer polymer
solution)

Not mentioned Rabbit aorta
smooth-muscle cells
88.44%–89.57%
Primary porcine
vascular cells
89.99%–95.14%

[58,59]

PC-12 cells PLLA Not mentioned Coaxial
electrospinning (inner
cell suspension and
outer polymer
solution)

Not mentioned Not mentioned [109] [60]

Human astrocytes
(1321 N1)

PDMS Not mentioned Coaxial
electrospinning (inner
cell suspension and
outer polymer
solution)

0.09 kV/mm 65–75% [10,109]

Neuroblastoma (N2A)
cells

Matrigel with high
concentration of
laminin

Not mentioned Coaxial
electrospinning (inner
cell suspension and
outer polymer
solution)

0.05–0.25 kV/mm >80% [110]

ASCs PVA Distilled water Blend electrospinning 0.08 kV/mm 133% [15]
BMSCs in rats PVA PBS Blend electrospinning 0.075 kV/mm >90% [36]
SMCs SA/PEO Tridistilled water Blend electrospinning 0.075 kV/mm >90% [53]
HUVECs SA/PEO Tridistilled water Blend electrospinning 0.075 kV/mm >90% [57]
RASMCs PDMS or PEO Not mentioned Coaxial

electrospinning
Not mentioned >70% [58]

PEO polyethylene oxide, SA sodium alginate, PDMS polydimethylsiloxane, PVA polyvinyl alcohol, PLLA poly(L-lactic acid), SMCs smooth muscle
cells, ASCs adipose stem cells, BMSCs bone marrow mesenchymal stem cells, HUVECs human umbilical vein endothelial cells, RASMCs rabbit aorta smooth
muscle cells, C2C12s mouse myoblasts

factor attracts platelets, macrophages, endothelial cells,
smooth muscle and other cells, which can promote hemostasis
[111]. During the inflammatory stage, neutrophils and
mononuclear cells play a major role. When monocytes are
recruited to the wound, they differentiate into macrophages,
which engulf necrotic tissue and cell debris [112,113]. In
addition, bone marrow mesenchymal stem cells (BMSCs)
migrate to the wound site to regulate the proliferation and
migration of dermal mesenchymal and epithelial cells [114].
Studies have proven that scaffolds containing BMSCs have
good skin affinity and are conducive to wound healing.
As a result, they have become candidate cells for skin
tissue engineering [115]. During the proliferative stage
of the wound, fibroblasts secrete and synthesize various
collagens and fibrins to promote wound healing and repair.
Vascular endothelial cells, macrophages and epidermal

cells secrete vascular endothelial growth factor and basic
fibroblast growth factor, promoting the generation of
microvessels [111]. Inflammatory cells, vascular endothelial
cells, keratinocytes and secreted fibroblasts play an important
role in the remodeling stage of the wound [116]. Stimulated
by keratinocyte migration, the wound tends to possess the
property of water retention, thus promoting rapid healing
of the wound bed. In addition, neural stem cells have been
shown to play an active role in the healing process by forming
keratinocytes and fibroblasts and releasing angiopoietin-
1 (Ang-1)or ECM proteins [117]. Stem cells are usually
susceptible to external stimulation while performing C-ES,
so construction of the ECM microenvironment is essential
for using stem cells to regenerate tissue. Chen et al. [15]
used PVA and adipose-derived stem cells (ASCs) to develop
a bioactive membrane through C-ES and proved that the
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Figure 5. Schematic diagram of the structure and function of the ECM prepared by C-ES. The ECM functions as an adhesive substrate, provides structure,

presents growth factors to their receptors, sequesters and stores growth factors, and senses and transduces mechanical signals. ECM extracellular matrix, C-ES

cell electrospinning

nanofiber membrane could guarantee the cytoactivity of
ASCs, indicating that it is feasible to encapsulate stem cells
and give full play to their functions using C-ES. Furthermore,
making full use of cells at wound sites, such as platelets,
fibroblasts and endothelial cells, is the key to promoting
wound healing.

Migration and growth of cells in scaffolds ECM, a noncel-
lular component found in all tissues and organs, is made
up of water, proteins and polysaccharides and is essential
for the survival of cells [118]. ECM also plays an important
role in structural support, signal transduction, etc. (Figure 5).
Interestingly, C-ES, an effective method to simulate ECM
structure in vitro, can facilitate the adhesion, proliferation
and differentiation of cells [119,120]. Wound healing is
inseparable from the migration and infiltration of cells.
Fiber scaffolds prepared by C-ES should not only satisfy
the migration and movement of cells inside the scaffolds
but also facilitate the attachment and growth of cells on
the tissue surface [121]. The morphology of nanofibers
has a significant effect on the migration and growth of

wound-healing-related cells, including keratinocytes and
fibroblasts [122]. Likewise, the porosity, orientation and
spatial size of C-ES nanofiber scaffolds have a great influence
on cell migration and infiltration [12]. For instance, studies
have shown that cross-linked nanofibers are more conducive
to the migration of fibroblasts and keratinocytes in vivo than
coaligned and randomly aligned nanofibers [108]. However,
the cell types and characteristics of specific tissues should
also be taken into consideration during comparisons [123].
For example, in the repair of nerve tissue, oriented nanofiber
scaffolds are more conducive to the attachment and growth of
nerve cells. When embedded in randomly aligned nanofibers,
cells tend to migrate in all possible directions, resulting in
short-distance translocations [8].

Cell migration and growth take place in a 3D struc-
ture. Chen et al. [124] developed an interconnected 3D net-
work scaffold that promotes effective infiltration and growth
of fibroblasts and keratinocytes in vitro. In addition, the
porosity and pore size of C-ES nanofiber scaffolds have a
great influence on cell migration and infiltration. It has been
reported that human dermal fibroblasts are 6–20 μm in
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Figure 6. C-ES techniques for loading of drugs. Blending electrospinning: cells are electrospun with a polymer solution. Coaxial electrospinning: depending on

demand, cells can be spun into the inner shell, the outer shell, or both. Electrospinning and modified: nanofiber scaffolds can be loaded with drugs either by

physical adsorption or by chemical crosslinking. C-ES cell electrospinning

diameter, whereas fibers with larger pore sizes (>20 μm)
cause the cells to grow along them rather than being dis-
tributed inside the 3D structure [125]. Specifically, when the
pores are small, cells will be distributed and grow on the
surface of the fiber during the process of wound healing.
Conversely, when the porosity and pore size are large, cells
proliferate and deposit rapidly [126]. Therefore, it is of great
significance to prepare C-ES nanofiber scaffolds conducive to
cell migration and growth according to the characteristics of
wound-healing-related cells and tissues.

Design of drug-loading in C-ES Infection is a common cause
of wound-healing failure. Common pathogens of traumatic
wound infection are gram-positive Staphylococcus aureus
and gram-negative Pseudomonas aeruginosa [127]. Various
antibiotics, such as sulfonamides, penicillin, streptomycin,
tetracycline and vancomycin, have been used clinically for
infection control [128]. However, overuse of various antibi-
otics may create a crisis of drug resistance. Fortunately, the
evenly arranged nanofiber scaffolds made by ES can effec-
tively reduce drug absorption and deliver drugs to the site of
infection at a constant rate, thus overcoming drug resistance
to some extent [2,129]. Sustained release of drugs for anti-
inflammatory and analgesic purposes, such as aspirin, ibupro-
fen, lidocaine and others, can be achieved by encapsulating
the drugs in nanofibers. In addition, botanical drugs, such
as metformin, cannabinoids and curcumin, have been intro-
duced in research on nanofiber scaffolds for wound healing
or tissue engineering [130,131]. In recent years, nanoenzymes
have also attracted much attention in the field of wound

anti-infection [132,133]. However, nanoenzymes mainly kill
bacteria by producing reactive oxygen species, which means
that their application in C-ES is bound to have adverse effects
on cytoactivity.

A variety of drugs have been employed in the treatment of
wound infection, but the application of relevant drugs in C-
ES is still unexplored. This is largely attributed to the adverse
effects of drugs on the maintenance of cytoactivity and the
preparation of nanofibers. In addition, further research on the
loading of drugs in the C-ES process remains to be conducted.
Based on the basic process of C-ES, Figure 6 shows several
possible drug-loading methods for reference, among which
coaxial ES is the most promising. By placing the cells and
drugs in the inner layer and the polymer solution in the outer
shell, coaxial ES not only reduces the effects of the electric
field on the cells but also achieves constant release of the inner
drugs.

Present challenges and future prospects

Challenges and possible solutions A few shortcomings may
limit the application of C-ES-based nanofiber scaffolds in
wound repair. First, maintenance of cytoactivity and cell
extraction should be achieved, which requires assessment
of the degree of damage to the patient’s skin tissue, the
cell culture and the uniformity of encapsulation of cells
into the nanofiber scaffold. To solve this problem, a long
period of discussion and research is needed to form a
professional treatment model, which limits the development
and clinical application of C-ES in tissue repair and
regeneration. Furthermore, platforms for coculture or
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Figure 7. Schematic diagrams of blend electrospinning and coaxial electrospinning and illustration of the release of drugs from electrospun fibers. (a) Blend

electrospinning.Taylor cone:when the electric fied is applied between the nozzle tip and the grounded collector, a microsphere is formed at the end of the

nozzle.As the strength of the electric field increases, the microsphere at the tip elongates forming a conical shape called the taylor cone. (b) Drugs released

through simple surface diffusion and pores caused by the degradation of the fiber. (c) Coaxial electrospinning. (d) Drugs in the core–shell structure drug-loaded

fiber are released depending on the degradation of the shell layer

multicellular culture should be implemented to simulate the
physiological function of complex tissues, i.e. vascularized
muscle structures or skin containing multiple cell types, such
as keratinocytes and fibroblasts [11]. Second, most studies
have been conducted in vitro (in mice, rats and rabbits),
which means that their outcomes might differ in histology
and pathology from those in humans [134]. Therefore, it is
necessary to conduct similar studies in large animals, such
as primates, to further validate the clinical effects of C-
ES nanofiber scaffolds on tissue repair and regeneration.
Third, the key to C-ES lies in the successful acquisition
and encapsulation of cells, which makes it difficult to
commercialize. A perfect clinical application system based
in medical institutions needs to be developed to address
this issue. However, with the development of stem-cell
transplantation technology and the progress of tissue
engineering, ranging from the selection of cells to the synthesis
of multifunctional nanofiber scaffolds, the disadvantages of
C-ES will be continuously improved and remedied [135].
Fourth, the mechanical strength of C-ES nanofiber scaffolds
decreases with time while maintaining cytoactivity. This
problem can be solved through other tissue-engineering

techniques. For instance, by combining 3D printing and
freeze-drying techniques, fiber pads with excellent mechanical
properties can be prepared to act as receiving plates. In
recent years, the rise of metal nanoparticles has provided
a new option for the preparation of antibacterial nanofiber
scaffolds. For example, Ag, Fe, Au and Pt ions have excellent
antibacterial properties, while Ca, Ti, Mg and Zn ions
have good anti-inflammatory and osteogenic effects. In
addition, copper-based nanomaterials with enzyme-like
activity have shown great potential in the development of
novel broad-spectrum antibiotics [136]. By incorporating
gold nanoparticles (AuNPs) coated with the small molecule
6-aminopenicillin into polymer ES fibers, some researchers
successfully prepared products with significant antibacterial
activity against multidrug-resistant bacteria [137]. Zhang
et al. [138] prepared nickeliferous hydrogel nanorods with
antioxidant and anti-inflammatory properties, which accel-
erated wound healing in mice. Considering the complexity
of the internal physiological environment of the human body
and the possibility of uncontrolled release of metal ions,
issues of biological security should be considered [139]. In
this regard, the design of nanofiber scaffolds needs to be
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Figure 8. Schematic diagram of 3D printing and C-ES combined for wound healing. C-ES cell electrospinning

perfected to allow ions to be released in a controlled manner
within a safe and treatment-relevant range. It is hoped that
these challenges can be addressed through multidisciplinary
collaboration among clinicians, biologists and materials
engineers.

Future prospects C-ES shows potential application prospects
in the biomedical field, and the trend of skin-tissue engineer-
ing is to develop multifunctional nanofiber scaffolds through
C-ES in the future. The development of stem-cell research
has brought hope for the treatment of chronic wounds [140].
For instance, simulated ECM prepared through C-ES can
address the lack of functional ECM at diabetic wound sites.
Moreover, cells loaded on nanofiber scaffolds can compen-
sate for the shortage of cells in the defect area, helping to
repair wounds. Anti-infection is the basis of normal wound
healing. For wound healing in the future, with the help of
C-ES technology, preparing fiber scaffolds with antibacterial
properties by incorporating effective drugs and nanoparticles
will be the trend. In the C-ES process, drugs can be delivered
to the wound area at a constant rate by preparing a coaxial
core–shell structure containing nanoparticles and drugs, thus
effectively solving the problem of sudden drug release in
simple blended ES [141] (Figure 7).

In addition, via modification with various bioactive
materials, drugs, growth factors and technologies, nanofiber
scaffolds can be endowed with multifunctional properties.
For instance, chitosan modified with quaternary ammonium
salt has significant anti-S. aureus and anti-Escherichia coli

properties, thus improving the anti-infection ability of wound
dressings [142]. Graphene is an ideal scaffold for wound
healing due to its high strength, high elasticity, light weight,
antibacterial properties and ability to support adipose stem
cells [143,144]. GEL and collagen bioactive substances have
hydrophilic properties and can effectively improve cytoac-
tivity when combined with other biological materials in the
process of C-ES. Platelet therapy is one of the potential meth-
ods for wound treatment. The prepared concentrate growth
factors (CGF) is rich in growth factors and stem cells and has
a dense grid structure. Compared with platelet-rich fibrin, it
has greater tensile strength and viscosity, and its slow release
of growth factors is closer to the natural process of tissue
healing [145]. The application of CGF in C-ES may also be a
bright spot in the future. In addition, various growth factors
that are crucial for cell proliferation and differentiation are
activated and play a role in different stages of wound healing.
Some scholars collected the fibers produced by C-ES through
an electriferous network, which was then periodically dipped
into a culture medium containing various growth factors
[29]. In this way, they found that cytoactivity during the
C-ES process could be maintained well. The combination
of a range of other technologies, including solvent casting,
new membrane–liquid interface culture, salt immersion, spin
coating, ES, vacuum freeze-drying and 3D printing, with
C-ES can provide various options for the preparation of
multifunctional fiber scaffolds. Among them, 3D printing is
a technology that uses a variety of biological inks at the same
time to quickly print new composite scaffolds with different
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gradient structures to achieve the spatiotemporal integration
of bionic scaffolds in regeneration [124]. Yeo and Kim [26]
combined 3D printing and C-ES, achieving high mechanical
strength and ECM-like structures beneficial for bone regener-
ation. Therefore, this type of combination, which constructs
a double-layer composite membrane, is a promising method
for the preparation of nanofiber scaffolds (Figure 8).

In terms of maintenance of cytoactivity, triboelectric nano-
generators may be a good choice as a power source for
cell printing technology in the future [146]. Target products
with different properties can be obtained by adjusting the
parameters, the ratios among polymers and the reaction
conditions. With the help of multiple nozzles, coaxial ES or
blending ES, different fiber film dressings can be prepared.
For example, Zhao et al. [147] successfully developed a novel
and efficient coaxial electrospray technology using an algi-
nate hydrogel shell and mouse embryonic stem cell aqueous
solution (instead of hydrogel) as the core to prepare micro-
capsules. Encapsulated cells can survive and proliferate well.
In addition, according to the characteristics of the process
of wound healing, the preparation of smart dressings that
can cover the wound during the whole healing process also
has a bright future. For example, the healing process can
be controlled by inducing healing-ion release in response to
wound temperature or PH [148]. In conclusion, with the
application of C-ES and the in-depth study of the wound
healing process providing novel ideas and guiding principles,
more practical alternative products for wound treatment may
be discovered in the future.

Conclusions

Nanofiber scaffolds made by ES show promise in the promo-
tion of skin wound healing and the regeneration and repair
of blood vessels, muscle, skeleton and nerve tissue. However,
there is still a long way to go before C-ES can achieve the
maintenance of cytoactivity and be applied in the field of
skin tissue engineering. Further in-depth research needs to be
conducted. It is hoped that C-ES technology will advance and
more breakthroughs will be made in the treatment of burns
and wounds in the future.
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