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Electrospinning is a method of preparing microfibers or nanofibers by using an electrostatic force to stretch
the electrospinning fluid. Electrospinning has gained considerable attention in many fields due to its ability
to produce continuous fibers from a variety of polymers and composites in a simple way. Electrospun

nanofibers have many merits such as diverse chemical composition, easily adjustable structure,

adjustable diameter, high surface area, high porosity, and good pore connectivity, which give them
broad application prospects in the biomedical field. This review systematically introduced the factors
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1. Introduction

“Electrospinning” evolved from electrospray technology. Elec-
trospray technology refers to the phenomenon that conductive
droplets can be jetted at high speed under a high-voltage elec-
trostatic field. Electrospray technology originated from the
electrostatic study of droplets by Rayleigh in 1882. Subse-
quently, research on liquid electrospray was gradually devel-
oped. The origin of electrospinning technology began in 1902
when Cooley applied for a patent of spraying liquid devices
under an electric field. In 1929, Kiyohito et al. began to manu-
facture rayon. Formhals described the electrospinning device in
a patented form in 1944.

In the 1930s-80s, the development of electrospinning tech-
nology was relatively slow, and its research focused on the
development of electrospinning devices. After the 1990s, the
Reneker research team in the United States conducted extensive
research on the electrospinning process and application. In
recent years, with the development of nanotechnology, elec-
trospinning technology has gradually become a research hot-
spot. The development of electrospinning has gone through
four stages: the first stage was mainly to study the spinnability
of different polymers, and the influence of process parameters
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enzyme immobilization fields. The latest progress of using electrospun fibers in these fields was
summarized, and the main challenges to be solved in electrospinning technology were put forward.

and environmental parameters during spinning on fiber
diameter and properties. The second stage mainly studied the
diversity of nanofiber components and various structures of
electrospun fibers. The third stage mainly studied the applica-
tion of electrospun fibers in the fields of optoelectronics,
energy, environment, and biomedicine. The fourth stage mainly
studied the large-scale production of electrospun fibers. In the
field of biomedicine, the diameter of electrospun nanofibers is
smaller than that of cells, which is favorable for mimicking the
structure and biological functions of natural extracellular
matrices. Most of the human organs and tissues are structurally
similar to nanofibers, which is of benefit for the electrospun
nanofibers in the repair the human tissues and organs. Elec-
trospun nanofibers have a large specific surface area and
porosity, and some electrospun fiber materials have good
biocompatibility and degradability, which can be used as drug
carriers. Electrospun nanofibers have good application pros-
pects in tissue repair,"* biological dressing,** drug controlled
release®” and enzyme immobilization. Tissue repair is the main
research direction in the field of biomedical applications, and
electrospun fiber materials were first applied to vascular repair
tissue engineering in 1978.* They were then used for bone
tissue,” nerve tissue,’ tendon tissue, heart valves, urethral
stents, skin, and cartilage. In recent years, electrospun nano-
fibers have been widely used in the pharmaceutical field."* A
variety of drugs including antibiotics,'” proteins,*® DNA, RNA,
growth factors™ and anticancer drugs have been loaded into
electrospun nanofibers for disease treatment.’*?” In recent
years, many kinds of enzyme have also been successfully
immobilized in fibers by electrospinning.

This journal is © The Royal Society of Chemistry 2019
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2. Factors influencing electrospinning

In the process of electrospinning, the polymer solution or
fusant is charged and deformed in a high voltage electrostatic
field, and a suspended conical droplet is formed at the end of
the electrospinning nozzle."® When the charge repulsive force
on the surface of the droplet exceeds its surface tension,
a stream of polymer droplets (abbreviated as “jet”) is ejected at
a high velocity. These jets are subjected to high-speed stretching
by the electric field force, and then with solvent evaporation and
solidification in a short distance, the polymer fibers finally form
to be deposited on the collector. The typical electrospinning
apparatus is shown Fig. 1, which is composed of a high-voltage
power source, a liquid supply device, and a collector. The
properties of the polymer solution (such as polymer relative
molecular mass, solution concentration and viscosity, surface
tension, conductivity), the process parameters (such as applied
voltage, solution flow rate, fiber receiving distance), and the
environmental parameters (such as ambient temperature and
humidity) have an effect on the morphology of the fiber during
electrospinning (Table 1).

2.1. Properties of polymer solutions

2.1.1. Relative molecular mass. Relative molecular mass of
the polymer is an important parameter affecting electro-
spinning, because it directly affects the rheological and elec-
trical properties of the electrospinning solution. The fibers
could only be prepared by electrospinning when the polymer
relative molecular mass reaches a certain value. The polymers in
low molecular mass tends to form beads during the electro-
spinning process, while increasing the molecular mass of
polymers can reduce the number of beads and form fibers with
uniform diameter. The morphological change was studied to
demonstrate the effect of the molecular mass on the poly-
ethylene glycol oxide (PEO) electrospinning fibers. The PEO
electrospinning solutions with different molecular mass
(various viscosity average molecular weights of 100 000 (P1),

Syringe pump

* High voltage
_

Fig. 1 Typical electrospinning apparatus.
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200 000 (P2) and 400 000 (P3)) had different electrospun jet
shapes, and the change in the jet shape consequently caused
the difference in the deposition formation. The P1 showed an
agglomerated formation, and P2 revealed a mixed formation
with particles, beads, and fibers, while complete nanofibers are
produced with P4." Wang et al. also found that the larger the
molecular mass of polystyrene (PBS), the larger the fiber
diameter.*

2.1.2. Viscosity. The entanglement of polymer molecular
chains in solution causes the solution to reach a certain
viscosity, which is a necessary condition for the preparation of
fibers by electrospinning. The greater the relative molecular
mass of the polymer, the longer the molecular length, which is
favorable for the polymer molecular chain to entangle in solu-
tion, and the greater the viscosity of the solution. When the
relative molecular mass of the polymer is determined, the
concentration of the solution becomes an important factor
affecting the entanglement of the polymer molecular chain in
the solution. As the concentration of the polymer solution
increases, the viscosity of the solution will increase. Nanofibers
can be formed by controlling the viscosity of the polymer
solution in a certain optimal range during electrospinning. The
viscosity of the polymer solution has an effect on the
morphology of the electrospun fibers. The effect of the viscosity
of the PEO solution on the morphology of microspheres in
electrospun nanoparticles was studied by Fong et al. The results
showed that the diameter of microspheres increased and the
density of microspheres decreased with an increase of solution
viscosity, while under the condition of high viscosity, the
microspheres becomes spindle-shaped, and then nanofibers
are formed. An increase in viscosity of the solution is helpful for
the formation of smooth nanofibers.”

2.1.3. Surface tension. The surface tension of the solution
is an important factor affecting electrospinning. In the elec-
trospinning process, the electrostatic repellent force on the
surface of the charged polymer solution or the fusant must be
greater than its surface tension. Bhardwaj et al. studied the
effect of surface tension on the morphology of nanofibers.** The
results showed that increasing the concentration of the elec-
trospinning solution can reduce the surface tension of the
solution to a certain extent, which is beneficial for forming
continuous and uniform fibers. When the concentration of the
solution is constant, the surface tension of the solution can be
adjusted by changing the composition of the solvent or by
adding a surfactant to the solution.

2.1.4. Conductivity. The conductivity of a polymer solution
is related to the electrification ability of the polymer solution.
The conductivity of a polymer solution increases with an
increase of its carried electric quantity, and the conductivity
directly affects the morphology of electrospun fibers. The effects
of solution properties of polystyrene (PS), polyacrylonitrile
(PAN), polyhydroxybutyrate (PHB), poly p-L-lactic acid (PDLA),
and nylon 6 on electrospun fibers were studied by Chi-wang
et al. It was found that the conductivity of the five-polymer
solution is the main factor affecting electrospinning. The
conductivity of the solution can be changed by adding salt or

RSC Adv., 2019, 9, 25712-25729 | 25713
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Table 1 Effect of the main electrospinning parameters on fiber diameter and morphology

Polymer solution properties

Process parameters

Environmental parameters

Relative Receiving
molecular Concentration Surface tension Conductivity distance
mass 1 and viscosity 1 1 1 Voltage 1 Flow rate 1 1 Temperature T Humidity 1
Fiber 1 1 1 i | Then 1 1 1 1
diameter
Fiber Less High viscosity, Increased Wide fiber  The fiber Excessive flow More uniform Forming
morphology beads, no continuous probability of diameter diameter rate resulting fiber diameter a multiporous
uniform  fiber generating distribution distribution is in beaded distribution  structure on
fibers beaded widened, fibers the surface of
structures which is not the fiber
conducive to
obtaining
a fiber with
a smooth
surface, and
a bead

structure is
generated at
a high voltage

polyelectrolyte, or changing the solvent composition, and
thereby the morphology of fiber can be changed.*

2.1.5. Solvents property. The properties of solvents, such as
conductivity, volatility and the solubility of solvent to polymers
will affect the electrospinning process, and then affect the
morphology of electrospun fibers. The diameter of the electro-
spinning fiber decreases with the increase of the conductivity of
solvent. The spinning nozzle is easy to be blocked when solvent
volatility is too fast, while prepared fibers tends to adhere when
solvent volatilization is too slow. The volatility of solvents also
affects the morphology and structure of fibers, such as surface
roughness, porous structure, flat diameter. The solubility of
solvent to polymer affects the viscosity and surface tension of
electrospinning solution, thus affecting their spinnability. The
suitable electrospinning solvent should have good volatility,
appropriate solubility to polymers, suitable vapor pressure and
boiling point. In the spinning process, the blending solvents
strategy is always adopted to adjust the properties of the elec-
trospinning solutions, so as to adjust the electrospun fiber
structures. Lagaron studied the effect of solvent selection on the
electrospinnability and morphology of polyimide fibers. The
dimethyl sulfoxide (DMSO)/N,N-dimethylformamide (DMF) and
N,N-dimethylacetamide (DMAC)/DMF solutions showed poor
electrospinnability because of the high volatility of DMF and
high solubility parameters values of the polymer. Both factors
produced clogged nozzle and interrupted the continuity elec-
trospinning. The defect-free PI nanofibers can be obtained by
using four selected blending solvents (DMF/N-methyl-2-
pyrrolidone (NMP), DMSO/NMP, DMAC/DMSO, DMAC/NMP)
during a continuous electrospinning process.**

2.1.6. The temperature of the polymer solution. The
temperature of polymer solution not only affects the viscosity
and surface tension of the electrospinning solution, but also
affects the volatilization of solvent in electrospinning process.

25714 | RSC Adv., 2019, 9, 25712-25729

The viscosity and surface tension of electrospinning solution
decrease with the increase of the polymer solution temperature.
Under the same applied electric field, the solvent evaporates
rapidly and solidifies into uniform fibers. Temperature may
have two opposite effects on resulting fiber diameter. Firstly,
rapid solvent volatilization shortens the stretch distance of
electrospinning droplet which resulting in larger fiber diame-
ters, on the other hand, viscosity and surface tension decrease
at higher temperatures, resulting in thinner fibers.*

2.2. Process parameters

2.2.1. Applied voltage. In the process of electrospinning,
the voltage applied to the polymer fluid must exceed a certain
critical value, while the resulting electrostatic repulsive force is
sufficient to overcome its surface tension, resulting in a micro-
jet that forms fibers. The diameters of the resulting fibers are
smaller at higher voltages, but the number of beads in the fiber
membrane is greater. In addition, a change of voltage directly
affects the stretching of the jet, which affects the orientation of
the molecular chain and ultimately affects the crystallinity of
the fiber. Therefore, the magnitude of the voltage has a great
influence on the morphology and structure of the fiber.>® The
type of voltage (direct current (DC) or alternating voltage (AC))
also effects electrospinning.®” It was found that when a DC high
voltage power supply is used, shaking of the charged jet makes
it unstable, and it is difficult to deposit the resulting fiber on the
receiving device. When an AC electric field is used in the elec-
trospinning process, the shaking instability of the charged jet is
reduced, and the diameter of the obtained fibers is also
reduced.”®

2.2.2. Solution flow rate. The flow rate of the electrospun
solution is also an important electrospinning process param-
eter as it greatly influences the fiber shape. The solution flow
rate determines the amount of spinnable solution in the

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05012d

Open Access Article. Published on 15 August 2019. Downloaded on 3/20/2026 8:28:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

electrospinning process. A low flow rate is beneficial for the
evaporation of the solvent, which will accelerate the material
transfer rate. However, Taylor pointed out that the Taylor cone
shape cannot be maintained if the flow rate of the electro-
spinning solution is too low to replace the solution ejected from
the tip of the capillary as the fiber jet.* When the voltage is
constant, the diameter of the jet will increase with an increase
of the solution flow rate, and the resulting fiber diameter will
also increase.>* When the concentration of the electrospinning
solution is large, fibers with pronounced beaded morphologies
are obtained because of the incompletely drying of fibers before
reaching the collector.”*

2.2.3. Fiber receiving distance. The distance between the
syringe nozzle and the collector affects the degree of volatili-
zation of the solvent, which controls the size and the
morphology of the electrospun fibers. The solvent can be
sufficiently volatilized when the receiving distance is increased
to a certain extent, while electrospun fibers with smaller
diameters can be obtained. On the other hand, the electric field
strength will be reduced with an increasing receiving distance,
which will lead to a decrease of the jet velocity, a weaker tensile
action, leading to an increase in the diameter of the fibers.** An
appropriate distance is required for the drying of the fibers
before reaching the collector. If the distance is too close or too
far, fibers with beads are obtained.*> Buchko found that the
morphology of electrospun fibers changed from flat to round
shape when the distance between the syringe nozzle and the
collector varied from 0.5 cm to 2 cm.*

2.2.4. Receiving device. The receiving device
a signification on the properties of electric field, which in turn
affects the distribution and structure of electrospinning nano-
fibers.** The randomly arranged fibers, patterned fibers,
ordered fibers and three-dimensional structural fibers can be
obtained using different receiving devices. Randomly oriented
fibers generally formed when using a grounded solid collector
(Fig. 2A) (e.g., aluminum foil) as the receiving device.*® The
guide wires with different topographies structures were selected

shows

; n

esolid collector e guide wires collector e rotating mandrel

erotating wire drum erotating disk

*liquid bath collector

Fig. 2 Electrospinning receiving devices: (A) solid collector, (B) guide
wire collector, (C) rotating mandrel, (D) rotating wire drum, (E) rotating
disk, (F) liquid bath collector.
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as the receiving device to construct electrospinning nanofibers
with different patterns (Fig. 2B).*® The ordered nanofibers in the
arrangement direction can be obtained by adjusting the rota-
tion speed of the rotating collector (such as rotating mandrel
(Fig. 2C), rotating wire drum (Fig. 2D), rotating disk (Fig. 2E)).*
Special three-dimensional electrospun fiber yarns can be ob-
tained by using water or ethanol coagulation bath to receive
electrospun fibers, which are solidified in liquid bath and then
collected by rollers (Fig. 2F).***® Through the selection and
improvement of the receiving device, the morphology of elec-
trospinning fibers can be controlled.

2.3. Environmental parameters

2.3.1. Temperature. The movement of the solution mole-
cules accelerates with an increase of the ambient temperature,
which improves the conductivity of the solution. Some proteins
and ionic polysaccharides have gel and electrolyte properties,
and a temperature rise can lower the viscosity of these solu-
tions. In addition, the evaporation rate of the solvent accelerates
with an increase of the ambient temperature. All these effects
result in a decrease in the electrospun fiber diameter.*

2.3.2. Humidity. The change of environmental humidity
not only affects the volatility of the solvent, but also causes
a change of the fiber surface morphology. When hydrophobic
polymers are dissolved in organic solvents, a high relative
humidity leads to the formation of porous nanofibers. More-
over, the number and size of the pores vary with the humidity.*

2.3.3. Air pressure. In the process of electrospinning, air
pressure will affect the volatilization of solvent, which affected
the fiber diameter and the precision of the fiber deposition. The
fibers with good consistency can be obtained by electrospinning
in a closed environment with pressure, but when many layers of
fibers were deposited, the heat generated by the motor will
become an issue.*> Moreover, the instability of the air pressure
will also lead to the instability of the jet, which would float up
and down. At present, the electrospinning process is basically
carried out under atmospheric pressure.

The effects of polymer solution properties, process parame-
ters, and environmental parameters on the morphology of
electrospun fibers do not exist in isolation. In the process of
electrospinning, various factors need to be considered.

3. Electrospun fiber types

A variety of nanofibers can be prepared by selecting different
spinning materials, including inorganic nanofibers, organic
nanofibers, and inorganic/organic nanofibers.**** In the fields
of pharmacy and biomedicine, organic nanofibers and
inorganic/organic nanofibers are widely used in drug controlled
release, biological dressings, tissue repair and enzyme immo-
bilization fields.*~>°

3.1. Inorganic nanofibers

Inorganic nanofibers are widely used in catalysis, electrode
materials, electronic engineering, sensing and other fields.
Because of its poor mechanical properties, the application of

RSC Adv., 2019, 9, 25712-25729 | 25715
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inorganic/organic composite nanofibers is more common in the
field of biomedicine, and the application of electrospun inor-
ganic nanofibers is relatively limited. Zhang prepared TiO,
nanofiber-coated Si substrates with removing organic compo-
nents from PVP-TiO, electrospun nanofibers/Si substrates by
calcination at 400 °C. The results showed that the geometric
orientation of TiO, nanofibers could approve simulate extra
cellular matrix (ECM) better than Si substrates, thus improving
the affinity between cells and substrate, which greatly improved
the ability to capture cancer cells.*® Liu prepared a cancer cell
capture/release microchip based on the MnO, electrospinning
nanofibers. The MnO, nanofiber which mimiced the ECM could
lead to high cancer cell capture ability.”® The NaYF,Yb*",
Er**@siO, core-shell nanofibers were prepared by electro-
spinning followed with reoxidation process. The prepared
NaYF,:Yb*", Er’*@Si0, nanofibers had the ability to simulta-
neously monitor dual drug delivery (ibuprofen and doxorubicin)
with high sensitivity and a broad detection range.*

3.2. Organic nanofibers

3.2.1. Natural polymer nanofibers. The natural polymers of
animal sources include collagen, chitosan, chitin, and gelatin,
and the natural polymers of plant sources include sodium
alginate, plant protein, cellulose, lignin, natural rubber, and
starch. The natural polymers of microbial sources include
hyaluronic acid. As a renewable resource, natural polymers
generally have good biocompatibility and degradability. They
are environmentally friendly green polymer materials and have
a wide range of applications in the field of biomedicine. Jiang
et al. dissolved collagen in a low corrosive, mild ethanol-
aqueous solution, with citric acid used as the crosslinker and
glycerol as the chain extender. Microcollagen fibers with good
cell compatibility and aqueous solution stability were prepared
by electrospinning using this system.** Chouhan et al. prepared
silk fibroin (SF) nanofibers loaded with the epidermal growth
factor (EGF) and ciprofloxacin hydrochloride by electrospinning
which could be used for wound dressings.”® Chitosan electro-
spun nanofiber membranes loaded with henna extract were
prepared by Yousefi et al. Cellular experiments showed that the
fiber membrane could be used as an antibacterial wound
healing dressing.*® Marcolin prepared silk fibroin-gelatin (SF/
gel) composite fibers through electrospinning, and the
prepared fibers had good biocompatibility and mechanical
properties, which could be used as a small diameter vascular
regeneration scaffold.”” Vicini et al. invented a method for
preparing alginic acid and alginic acid/hyaluronic acid fiber
membranes by wet electrospinning. Water was used instead of
a toxic solvent in the wet process, and crosslinked alginate was
obtained.*® Lu used corn protein and hydrophobic ethyl cellu-
lose as raw materials, and synthesized composite electro-
spinning nanofibers loaded with indomethacin. The results of
a dissolution experiment in vitro showed that the composite
nanofibers could control the release of indomethacin.*
Biocompatible hyaluronic acid nano-fiber scaffolds were ob-
tained by electrospinning, using water as the green solvent, and
polyvinyl alcohol (PVA) as the carrier of the hyaluronic acid
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polymer. Hydroxypropyl-B-cyclodextrin was also added to the
electrospinning process to stabilize the electrospinning process
and ensure the uniformity of the obtained nanofibers. The drug
release properties of the non-steroidal anti-inflammatory drug
naproxen (NAP) loaded on the above fiber scaffold were studied.
The results showed that hydroxypropyl-B-cyclodextrin paved the
way for wound dressing applications with controlled drug
encapsulation-release properties.*®

3.2.2. Synthetic polymer nanofibers. Synthetic polymers
are the most widely used electrospinning materials at present.
As long as solvents can be found or can be converted from
soluble precursors, synthetic polymer electrospun fibers can be
obtained by solution electrospinning (Table 2).

Electrospun multi-component synthetic polymer solutions
can obtain multi-component synthetic polymer nanofibers to
achieve a composite of different polymer properties. The
mechanical strength, biological activity, and degradability of
the fibers can also be regulated by adjusting the proportion of
each component. Such as: PVP/PLA, polyaniline/PS, PLA/PLGA,
PVC/PU, and polyaniline/PA electrospun nanofibers. Elakkiya
prepared curcumin loaded PLA/PVA composite nanofiber
membranes by the electrospinning method. The composite
fiber membrane had good biocompatibility. The release ratio of
curcumin in PLLA/PVA composite fiber membranes was about
78% within 4 days. It has good potential in the field of
biocompatible scaffolds.**

3.2.3. Blended fibers. Some natural polymers themselves
are difficult to electrospin, but electrospinning nanofibers can
be obtained by composite spinning with a better spinnable
synthetic polymer, such as chitosan/PLA, PLGA/chitin, collagen/
PLA, and glucan/PLGA fiber. These fibers can be used for
controlled release of biomedical and bioactive molecules. Basha
blended B-1,3-glucan with polyvinyl alcohol (PVA) to obtain
composite electrospinning nanofibers with diameters less than
100 nm. The fibers have good hydrophilicity, good biodegrad-
ability (10% degradation for 14 days) and a good swelling
property (about 170%).°® Salicylic acid loaded PCL-shellac
composite electrospun nanofibers were fabricated by Ma. By
adjusting the ratio of shellac to PCL, drug-loaded fiber
membranes with good tensile strength and drug release
performance could be obtained.®® Chakrapani et al. used PCL
and collagen extracted from bovine skin mixed in different
proportions, with acetic acid as the solvent, and then electro-
spun them to obtain a nanofiber membrane with a porosity of
60% and a fiber diameter of 100-200 nm. Compared with
electrospun collagen nanofibers with hexafluoroisopropanol
(HFIP) as the solvent, collagen electrospun nanofibers obtained
from the acetic acid solvent system can be safely used in wound
repair in skin tissue engineering.®’

3.3. Inorganic/organic nanofibers

Inorganic/organic composite nanomaterials are research hot-
spots in the field of composite materials. Electrospinning
technology is one of the effective methods for preparing
inorganic/organic composite nanomaterials.®® The main way to
prepare inorganic/organic electrospun composite nanofibers is

This journal is © The Royal Society of Chemistry 2019
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Table 2 Some synthetic polymer nanofibers and their applications
Synthetic polymer Solvent Degradability Application Reference
Polylactic acid (PLA) Chloroform (CHCls) v/ Loading sodium dichloro- 47
acetate (DCA) could inhibit
cervical cancer in vivo the
deterioration of cervical
cancer in vivo
Polycaprolactone (PCL) Hexafluoroisopropanol 4 Loading paclitaxel, 61
(HFIP) treatment of liver cancer
Polylactic acid-glycolic acid Tetrahydrofuran : N,N- 4 Loaded growth factor 62
copolymer (PLGA) dimethylformamide
(THF : DMF) (3 : 1 v/v)
Polyurethane (PU) HFIP X Electrospun fiber scaffold 63
for cell attachment and
proliferation

by adding inorganic oxides (TiO,,* SiO,,” ZnO,”* and Fe;0, (ref.
72)), graphene (GO),” metals (Ag,”* Pt,”® Au,”® Cu,”” and Fe’®),
carbon nanotubes (CNT)” and other nanomaterials to polymer
fibers. The specific preparation methods are as follows: (1)
dispersive mixed electrospinning: inorganic nanomaterials are
directly dispersed in a polymer solution and then electrospun.
(2) In situ composite electrospinning: in situ synthesis of inor-
ganic nanomaterials are electrospun in order to embed inor-
ganic materials in organic fibers. (3) Sol-gel electrospinning:
the precursor sol of inorganic nanomaterials is mixed in the
polymer solution for electrospinning. (4) Post-treatment of
electrospun fibers: such as UV reduction, gas-solid reaction,
liquid phase deposition, and the chemical vapor process. An
inorganic/organic composite nanofiber can be obtained after
the post-treatment. The inorganic materials commonly used in
the biomedical field are TiO,,* SiO,,”® GO,”™ Ag,” Pt,”” and Au.”®

Blantocas prepared high-efficiency antibacterial TiO,/chito-
san fiber material by chemical vapor depositing titanium
dioxide particles onto electrospun chitosan fibers. The anti-
bacterial effect of the material on Staphylococcus aureus was
achieved by the photocatalytic activity of TiO,. TiO, can
generate high activity free radicals, which can fully destroy
microbes and produce antibacterial effects.*® Song fabricated
a dual-drug loaded PLGA/SiO, microsphere electrospun
composite fiber. The drug in the PLGA matrix was rapidly
released, while the drug in the SiO, microsphere was slowly
released. The on-demand release of the two drugs in the
composite fiber can be realized through ultrasonic irradiation.”
Mao synthesized drug-loaded PLA/GO nanofiber membranes by
electrospinning. The addition of GO significantly improved the
thermal stability and mechanical properties of the nanofiber
membranes, and increased the cumulative release of drugs.”
Shalumon prepared electrospun fibers with a core-shell struc-
ture of PEG/PCL/Ag (PPA) as the shell and hyaluronic acid (HA)/
ibuprofen as the core. Ag nanoparticles and ibuprofen have
anti-infection and anti-inflammatory effects, respectively. The
antibacterial effect of core-shell fibers on Gram-negative
bacteria and Gram-positive bacteria was shown to be related
to the Ag nanoparticles in the electrospun fibers.”* Aggarwal
synthesized cisplatin-loaded  PCL/chitosan electrospun
composite nanofibers for the chemotherapy of cervical cancer

This journal is © The Royal Society of Chemistry 2019

in mice. The composite nanofibers can maintain the sustained
release of the drug within a month. In vivo studies showed that
the composite nanofibers have better anti-tumor effects on the
14th and 21st days after treatment.”” The anticancer drug
temozolomide  (TMZ) loaded  polycaprolactone-based
polyurethane/Au composite nanofibers were obtained by Irani
using electrospinning. Studies showed that gold particles
coated on the outer surface of the composite fiber can enhance
the anti-tumor activity of the drug-loaded fiber on glioblas-
toma.” Gao first inserted the non-steroidal anti-inflammatory
drugs ibuprofen or ketoprofen into layered double hydroxide
(LDH) nanoparticles to obtain a drug-LDH composite, and then
added the drug-LDH composite to the PCL solution to form an
electrospinning stock solution, finally it was electrospun to
obtain organic-inorganic nanofiber materials. A drug release
test in vitro showed that the release rate of ibuprofen or keto-
profen was slow in PCL fibers loaded with drug-LDH. After 5
days, only 44-48% of ibuprofen was released, while the release
of ketoprofen was 20-25%. All drugs-LDH/PCL composite fibers
could release the drug after 5 days. This composite fiber can be
used as an implantable drug delivery system.®® Oliveira fabri-
cated calcium phosphate ceramic particle loaded hydroxypropyl
methylcellulose (HPMC) electrospun fibers, which can be used
as an injectable composite material. The fiber can more
persistently release calcium. In a rat bone defect model, the
fiber could regulate the release of calcium, which can accelerate
bone formation and increase the number of generated blood
vessels.®!

4. Types of electrospinning

Uniaxial electrospinning and coaxial electrospinning are often
used to load drugs into fibers.**®®* The preparation of drug-
loaded fibers by wuniaxial electrospinning includes two
methods: (1) simple blending electrospinning: electrospinning
after the drug is dissolved in the polymer solution using a single
nozzle, and the drug is embedded in the polymer matrix
(Fig. 3A), and (2) after the polymer fiber is obtained by uniaxial
electrospinning, the polymer fiber is modified on the surface.
Drugs are loaded on the surface of modified fibers through
electrostatic interaction, hydrophobic interaction, hydrogen

RSC Adv., 2019, 9, 25712-25729 | 25717
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Fig. 3 Three main forms of drugs in drug-loaded electrospinning
fibers: (A) drugs embedded in the carrier polymer, (B) drugs on the
surface of fibers, and (C) drugs packaged in the core layer of the fibers.

bond interaction, and van der Waals interaction (Fig. 3B).
Among them, the simple blending electrospinning method is
the main method of uniaxial electrospinning to obtain drug-
loaded fibers. The drug in drug-loaded coaxial electrospun
fibers is packaged in the core layer of the fiber (Fig. 3C).**

4.1. Simple blending electrospinning

The simple blending electrospinning to prepare drug-loaded
fiber is to dissolve the drug in one or more polymer spinning
solution, and then use a single nozzle to electrospin. The
operation is simple and since a multi-component composite
can be realized, so it is widely used. Simple blending electro-
spinning can encapsulate hydrophilic and lipophilic drugs as
well as biomolecules (such as RNA, DNA, and proteins) into the
fiber. The drugs in simple blend drug-loaded fibers are mainly
released through simple surface diffusion and pores caused by
the degradation of the fiber (Fig. 4A). A variety of drug-loaded
fibers were prepared using simple blending electrospinning,
such as antibiotics,*® cytostatic drugs,***” and anti-
inflammatory analgesics loaded fibers.*® However, simple

Surface diffusion
and fiber

degradation

Shell degradation

- Electrospun fiber

< Pore after polymer degradation
b4 Drug

Fig. 4 Illustration of the release of drugs from electrospun fibers. (A)
Drugs released through simple surface diffusion and pores caused by
the degradation of the fiber, (B) drugs in the core—shell structure drug-
loaded fiber are released depending on the degradation of the shell
layer.
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blending electrospinning has many shortcomings in drug
delivery: sensitive drug molecules, proteins, and DNA are often
denatured and lose their biological activity in the organic
solvents used in simple blending electrospinning, the encap-
sulation efficiency of the prepared fiber is low, the distribution
of drugs in the fibers is uneven, and the sudden release of drug
is obvious.

4.2. Coaxial electrospinning

Coaxial electrospinning is used to prepare the core layer solu-
tion and the shell layer solution, and then they are electrospun
with a coaxial nozzle to form a coaxial jet to produce core-shell
structure fibers (Fig. 5). Drugs are loaded on the core layer of the
fiber by coaxial electrospinning. The double-layer shielding
effect established by the special core-shell structure of coaxial
electrospun fibers can effectively solve the drug sudden release
problem. Sometimes the drug can also be loaded on the shell
layer. The load of multicomponent drugs and the controlled
release of drugs can be realized. The release of drugs from drug-
loaded coaxial electrospun fibers depends on the degradation of
the shell layer, as shown in Fig. 4B. De Souza prepared
degradable drug-loaded core-shell nanofibers by coaxial elec-
trospinning, with PVA and bevacizumab as the core, and PCL
and gelatin as the shell.** Sakib reported the continuous
nanoscale encapsulation of 5-fluorouracil (FU) and paclitaxel
into biocompatible PCL nanofibers using a coaxial electro-
spinning process. The drug-loaded core-shell fibers had a better
therapeutic effect on breast cancer than the use of the anti-
cancer drug alone.”® Coaxial electrospinning is widely used in
biomedical fields such as drug release, tissue engineering, and
drug-loaded medical dressings (Table 3).

4.3. Other types

There are many other types of electrospinning used to produce
nanofiber materials with various functions, such as emulsion

electrospinning, near-field electrospinning, multi-needle

Core solution
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pump

N

Shell solution

* High voltage
L

Fig. 5 Schematic diagram of a coaxial electrospinning device.
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Table 3 Coaxial electrospun nanofibers and their applications

Shell Core layer Use Reference
Cellulose acetate PCL Loaded with nisin for antibacterial 112
PCL/gelatin PVA/bevacizumab Degenerative eye disease of the central retina 89

PCL 5-Fluoropiperazic acid (FU) and paclitaxel Breast cancer 90

Hydrophilic tea
polyphenol (TP)

10-Hydroxycamptothecin (HCPT)

PVP Artemisinin poly ART/butyl adipate (HB)

Cellulose acetate (CA)/  Amoxicillin/CA

PVP

Ag/PCL Gentamicin/poloxamer

Sodium alginate (SA)/PVP Calcium ions/Chinese forest frog skin peptides
(RCSPs)/PVP

electrospinning, needle-less electrospinning and melt electro-
spinning. Sun prepared pharmorubicin loaded core/sheath
PCL/PLGA nanofiber by emulsion electrospinning, using
a single nozzle and emulsion as the electrospinning stock
solution. The result showed that the release and degradation of
drug can be accelerated by reducing the content of PCL in the
sheath.”* Electrospinning is usually carried out in far-field mode
(receiving distance = 5-15 c¢m), while using the high voltage of
10-20 kV. When the receiving distance is reduced to 500 pm to
5 c¢cm (near-field electrospinning), the electric field is concen-
trated between the spinneret and the collector, while the voltage
used will be much reduced.”” Electrospinning usually uses
hollow needles as spinnerets and a metal substrate (such as
aluminum foil) as collection electrodes. Hollow needle array
(multi-needle electrospinning) can be used instead of single
needle to improve the production efficiency of electro-
spinning.”® The industrial production of electrospinning can be
realized by replacing the hollow needle with a large surface area
substrate (needle-free electrospinning). Fang used a tube spin-
neret with an array of holes to increase the output of fibers in
needle-free electrospinning.”* Nanofibers can be prepared by
melt electrospinning when polymers were in the absence of
appropriate solvent at room temperature. The electrospinning
stock solution is melt polymer and the vacuum system was
applied to drive electrospinning. Melt electrospinning has the
advantages of environmental safety, solvent-free evaporation. It
has great potential in the production of biodegradable polymer
fibers with controllable diameter and good uniformity.*

5. Biological and medical applications

The application of electrospun fibers in the field of biomedicine
is mainly in four aspects: drug controlled release, biological
dressing, tissue repair and enzyme immobilization.

5.1. Drug controlled release

5.1.1. Antineoplastic drugs. Liu prepared dichloroacetate
(DCA) loaded PLA electrospun fibers, and controlled the release
of therapeutic concentration of DCA from electrospun mats to
suppress cervical carcinoma in vivo.*® Yu first synthesized
hollow copper silicate using hydrothermal methods, then
loaded trametinib into the hollow copper silicate, and finally

This journal is © The Royal Society of Chemistry 2019

Inhibition of proliferation and malignant transformation of 99
liver cancer cells

Inhibits the proliferation of cancer cells and the growth of 101
Plasmodium

Tooth or skin infection 107
Prevention of surgical infection 110
Quick hemostasis to promote wound healing 127

incorporated the drug-loaded copper silicate into the polymer
solution to electrospin prepare drug-loaded fibers. The
composite fibers exhibited excellent photothermal effects and
controlled near-infrared irradiation (NIR)-triggered drug
release, leading to distinctly synergistic chemo-photothermal
therapy of skin melanoma. Furthermore, such fibers could
promote proliferation and attachment of normal skin cells and
accelerate skin tissue healing in both tumor-bearing mice and
diabetic mice by stimulating both revascularization and re-
epithelialization.”” Ramirez-Agudelo fabricated doxorubicin
(Dox) loaded hybrid nanofibers composed of hydroxyapatite
nanoparticles (nHA), poly-e-caprolactone (PCL) and gelatin (Gel)
by electrospinning. Both nHA and Dox were dispersed in
different PCL/Gel ratio (70 : 30, 60 : 40, and 50 : 50 wt%) solu-
tions to form three kinds of electrospun nanofibers. The three
kinds of obtained fibers showed the same burst release profile
in vitro Dox release due to the high solubility of the Gel in the
release medium. The hybrid fibers not only had antibacterial
properties, but also had an antitumor effect, especially for A-431
cancer cells.”® A local drug delivery system made of an emulsion
electrospun polymer patch was developed, which contained
hydrophobic 10-hydroxycamptothecin (HCPT) and hydrophilic
tea polyphenol (TP) in the shell and core of the nanofiber,
respectively. HCPT and TP exhibited sustained and sequential
releases due to the core-shell structure of the electrospun fibers
(first release of HCPT, followed by release of TP), HCPT was
used to inhibit the proliferation and malignant transformation
of hepatoma, while TP was used to reduce oxygen free radicals
in order to prevent tumor cell metastasis.®® Che first prepared
paclitaxel encapsulated PCL fibers with diameters of about
several tens of nanometers to 10 nm by electrospinning, and
then the polymer microspheres composed of anti-cancer ther-
apeutic gene miRNA-145 were coated over the paclitaxel-loaded
nanofibers. The synergistic effect of nanofibers and nano-
particles was significant, which could significantly inhibit the
growth of liver tumors and prevent the metastasis of liver
tumors.®® Yuan synthesized doxorubicin-loaded electrospun
fibers using hydrophilic doxorubicin hydrochloride (Dox-HCI)
and hydrophobic free doxorubicin (Dox-base) as model drugs,
and PLA as a drug carrier matrix. The drug release profiles of the
prepared fibers were investigated with regard to drug-polymer
miscibility, fiber wettability, and degradability. When the
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hydrophilic Dox-HCI was mixed with the PLA solution, the drug
molecules formed larger agglomerates on the fiber surface or in
the fiber core due to poor drug-polymer compatibility, and the
aggregation of the drug in the fiber surface promoted its rapid
release. The hydrophobic free doxorubicin was well dispersed in
the PLA matrix and the drug release was slow. When dimethyl
sulfoxide was used as the solvent for Dox-HCI, the miscibility of
drug in the polymer matrix was significantly improved, and the
drug-loaded electrospun fibers with uniform drug distribution
in the polymer matrix were obtained, while the drug release
from these fibers was slowest, and this slow release led to
a lower toxicity to hepatocellular carcinoma.'® In order to
preserve the bioavailability of the drug, poly(butylene adipate)
(HB) acting as a crystal suppressant of artemisinin (ART) was
used as the core material, poly(vinylpyrrolidone) (PVP) was
selected as the shell material, and an artemisinin loaded self-
supporting nanofiber membrane was prepared by coaxial elec-
trospinning. In vitro experiments showed that the drug-loaded
fibers had a good inhibitory effect on cancer cell proliferation
and Plasmodium growth.'** Wang fabricated a mesh for rapa-
mycin delivery via electrospinning using two biodegradable
materials PLA and PEO as the carrier. The drug in the fiber
membrane could be delivered in a targeted manner to the site of
the tumor.'® The surface modification of electrospun nano-
fibers with specific functional groups can achieve targeted
capture of circulating tumor cells (CTCs), and the capture effi-
ciency depends on the size and morphology of the nanofibers.
In the study of Ma, beaded PS electrospun nanofibers were
three-layer modified by biotin-BSA, streptavidin-biotin, and
biotinylated anti-EpCAM, and the capture efficiency of human
breast cancer cells (MCF7) by the modified fiber was 89.2%,
while the capture efficiency of three-layer modified smooth
electrospun PS microfibers and nanofibers of MCF7 were 78.2%
and 83.1% respectively. Fig. 6A is a surface modification process
diagram of electrospun nanofibers. Fig. 6B is a scanning elec-
tron micrograph of MCF7 captured by three-layer modified
beaded PS electrospun nanofibers, MCF7 were trapped in traps
that were formed by the construction of a three-dimensional
fiber network, and the trap effects helped capture tumor cells
with high efficiency.'®

5.1.2. Anti-inflammatory painkillers. Potrc explored elec-
trospun PCL nanofibers as a novel nano-delivery system
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adopted for the oromucosal administration of poorly water-
soluble drugs (ibuprofen or carvedilol). The molecular weight
and solubility of the drug affected the release of the drug from
the PCL matrix. The drug-loaded PCL nanofibers released
almost 100% of incorporated ibuprofen in 4 h, while only 77%
of incorporated carvedilol was released during the same time
period.'® Canbolat first compounded naproxen (NAP) with
cyclodextrin (CD) to form an inclusion complex (NAP-CD-IC),
and then incorporated the NAP-CD-IC into PCL nanofibers via
electrospinning. The study of NAP showed that the PCL/NAP-
CD-IC nanofibers had a higher release amount of NAP than that
of PCL/NAP electrospun nanofibers, which was due to the
solubility enhancement of NAP by the CD inclusion complex.'*
Lu used indomethacin as a model drug, with ethyl cellulose (EC)
and zein as polymers to synthesize nanocomposite fibers by
electrospinning. In vitro dissolution tests revealed that zein/EC
nanofibers possessed a sustained controlled drug release
profile, which complied with Fickian diffusion.*® Single and
binary ketoprofen-loaded ultrathin fiber mats were developed
by Basar using electrospinning. The single fiber mat was
prepared by solution electrospinning of PCL with ketoprofen at
a certain weight ratio. The binary fiber mat was fabricated by
emulsion electrospinning of a PCL-in-gelatin stable oil-in-water
(O/W) emulsion, where ketoprofen-containing PCL solution was
used as the oil phase. In vitro studies showed that, in compar-
ison to the single fiber mat, the binary PCL/gelatin fiber mat
significantly hindered ketoprofen burst release and exhibited
a sustained release capacity of the ketoprofen for up to 4 days.
In addition, the binary PCL/gelatin fiber mat enhanced the
adhesion and proliferation of mouse 1929 fibroblasts, which
was beneficial for use as a novel wound dressing with a good
controlled capacity to release drugs.'*

5.1.3. Antibacterials. Castillo-Ortega prepared amoxicillin/
cellulose acetate (CA)-CA/PVP core-shell fibers by coaxial elec-
trospinning using CA as the inner spinning polymer, and CA
and PVP as the outer spinning macromolecules. The release of
amoxicillin in the fiber nuclear layer increased with an increase
of pH. The release of moxilin was 61% with pH = 3, while the
release of amoxicillin was 79% with pH = 7.2.7 Yang first
fabricated antibacterial curcumin encapsulated micelles which
assembled from the biodegradable PEG-PCL copolymer, then
blended the drug-loaded micelle powder with antitumor

2 iR
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Fig. 6
electrospun nanofibers.
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(A) Surface modification process diagram of the electrospun nanofibers, (B) SEM of MCF7 captured by three-layer modified beaded PS
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doxorubicin in a PVA solution to form a combination. Finally,
the two drug-loaded fibers were prepared by electrospinning the
combination. The drugs release behaviors showed a time-
programmed release due to the different domains of the two
drugs within the nanofibers.'”® The use of electrospinning to
load a variety of antibacterial drugs in a reasonable manner can
play a synergistic role for drugs. Two hydrophilic drugs,
metronidazole and ciprofloxacin hydrochloride, were loaded
individually and in combination into the PCL matrix by
Zupancic using electrospinning. The result showed that the
combination of drugs of the two antibacterial-loaded fibers had
beneficial effects by inhibiting the growth of pathogenic
bacterial in periodontal diseases.'® Nanofiber-based core/shell
structured surgical sutures with gentamicin/ploxanic F127 as
the core and silver/PCL as the shell were prepared by Chen
using coaxial electrospinning. The core-shell fiber suture could
kill bacteria more effectively compared with gentamicin or
silver loaded nanofiber sutures alone. In addition, the core/shell
structured surgical suture had no obvious effect on dermal
fibroblasts and keratin formation, showing great potential in
preventing surgical infection.® De Cassan modified electro-
spun PCL fibers by grafting chitosan with the binding mecha-
nism. The surface of the modified fiber was coated with
chitosan containing amino cations, so that it could adsorb
ciprofloxacin-loaded nanoparticles (silica particles) which have
an opposite charge. Studies showed that the release of drugs
was affected by the type of the drug delivery system attached at
the fiber surface. In addition, the initial attachment, prolifera-
tion, and activity of cells of the chitosan modified fibers were
improved, which was beneficial to their application in tissue
engineering." A multi-layer coaxial fiber membrane was
fabricated by Han using triaxial electrospinning, which encap-
sulated nisin in the core, a hydrophobic PCL as an intermediate
layer, and a hygroscopic cellulose acetate as the shell. The
antibacterial properties of the three-layer coaxial fiber
membrane against Staphylococcus aureus were evaluated using
a modified version of AATCC 100 and AATCC 147 experiments.
The AATCC 147 test showed that the antibacterial activity of the

=
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three-layer coaxial fiber membrane could last for 7 days. AATCC
100 quantitative experiments showed that the three-layer
coaxial electrospun fiber membrane could provide >99.99%
bactericidal effect for up to 5 days. Compared with the drug-
loaded core/shell and uniaxial fiber membrane, the drug-
loaded three-layer coaxial fiber membrane had stronger and
longer-lasting antibacterial activity."*> The antimicrobial olig-
omer (AO) is a compound covalently bound by two molecules of
ciprofloxacin (CF). Wright synthesized AO loaded polycarbonate
aminoester (PCNU) nanofiber scaffold material by a one-step
blend electrospinning process using a single solvent system.
By optimizing the electrospinning process parameters, the drug
could be loaded into the fiber by electrospinning without phase
separation, and a fiber scaffold material with ideal structure
could be synthesized.''* Membranes with sustained drug
delivery were prepared by electrospinning metronidazole-
loaded halloysite nanotubes (HNT-MNA) doped gelatin (PG)
solution by Xue. The prepared membranes could be used as
guided tissue regeneration/guided bone regeneration
membranes. The MNA loaded halloysite nanotubes incorpo-
rated in the microfibers allowed for a sustained drug release
over 20 days, compared to 4 days of the PG/MNA fibers which
directly add MNA into the fibers. The antibacterial activity of the
drug-loaded membrane was evaluated by using the common
Clostridium nucleatum strain as the model bacteria. The result
showed that the drug-loaded PG/MNA, PG/HNT-MNA, and PG-
MNA/HNT-MNA produced inhibitory circles. The PG/HNT
sample without drug loading showed no bacteriostatic effect
(Fig. 7A). After different incubation times, the inhibition zone
diameter of PG-MNA/HNT-MNA was the largest on the first day,
and the inhibition zone was maintained for a long time, con-
firming that metronidazole encapsulation in nanotubes has no
adverse effect on drugs and can maintain long-lasting antibac-
terial activity (Fig. 7B).***

5.1.4. Other classes. A poly(methyl vinyl ether-alt-maleic
ethyl monoester) nanofiber membrane loaded with salicylic
acid, methyl salicylate, and capsaicin was prepared by uniaxial
electrospinning. After the drugs were loaded into the fiber, its
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Fig. 7

Inhibition of bacterial growth of the fiber membranes: (A) photograph of the inhibition zone around the fibrous membrane on agar plates

after incubation at 37 °C for 1 day under anaerobic conditions, (B) a plot of the inhibition zone diameter versus the incubation time.
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capacity to activate the transient receptor potential cation
channel 1 (TRPV 1) was improved, which was effective in
treating psoriasis. The drug loading rate of the prepared fiber
membrane was high and stable. Gas chromatography-mass
spectrometry (GC-MS) results showed that, except for methyl
salicylate, the drugs loaded in the fiber were almost unchanged
after 15 days of preparation. After the drugs-loaded fiber
membrane was placed on the arm of a psoriasis volunteer for 8
hours, redness was observed due to the action of capsaicin
released on the skin surface by the degradation of the nano-
fibers." Growth factors and insulin loaded PLGA electrospun
nanofibers were prepared by Haider using electrospinning, and
the obtained drug-loaded fibers could be effectively used for
targeted drug delivery."® Lancina fabricated insulin loaded
chitosan-based nanofiber membranes by electrospinning using
chitosan and PEO mixed in a suitable proportion as an elec-
trospinning polymer. The bioactivity of insulin was not reduced
by electrospinning. The insulin release behavior was related to
the proportion of chitosan and PEO, and a low PEO content
resulted in a smaller fiber diameter and a faster insulin release
rate.'”” Zhu prepared a degradable and biocompatible lovastatin
composite biomaterial by electrospinning using polylactic acid
(PLA) as the drug carrier. The drug encapsulation rate of the
composite biomaterial was high (72-82%). A drug release study
in vitro showed that the drug release was divided into two
stages: an initial rapid release on the first day and a slower
release on the second stage which approached a plateau after
the seventh day. Electrospun PLA fiber material provided a new
approach to the administration of lovastatin."*® In order to

Table 4 The application of electrospinning in drug controlled release
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improve the bioavailability of the antihypertensive drug carve-
dilol, Chen synthesized a novel drug delivery system based on
self-assembled liposome from multi-layered fiber membranes.
The delivery system was composed of a drug-loaded electrospun
fiber layer (the drug in this layer could self-assemble into lipo-
some when exposed to water), an adhesion layer (the layer
prolonged the residence time of the drug system in the mouth),
and a support layer. The drug encapsulation efficiency was
greatly affected by the molecular weight of the electrospun
polymer PVP. Compared with the direct use of carvedilol, this
new drug delivery system had increased drug penetration and
increased bioavailability by 154%."*° A ferulic acid (FA)/cellulose
acetate (CA) core/shell structure drug loaded fiber was prepared
by Yang using a improved triaxial electrospinning technique. In
the electrospinning process, Yang used a spinnable polymer
solution containing ferulic acid (FA) as the inner electro-
spinning solution, a spinnable cellulose acetate (CA) solution as
the intermediate layer, and a non-spun mixed solvent as the
outer electrospinning solution. In vitro experiments showed
that drug loaded fibers could provide a zero-order release over
36 hours without an initial burst release. This method provided
a new tactics to design a drug delivery system for similar drugs
for the treatment of cardiovascular and cerebrovascular
diseases."’

Electrospun nanofibers have many advantages as drug
delivery systems, and have been studied for many years as
transdermal, oral, injection dosage forms. Examples of elec-
trospun fibers used to deliver multiple types of drugs are also
given above and summarized in Table 4. However, the study of

Types of drugs Electrospun polymers Drug molecules References
Antineoplastic drugs PLA Dichloroacetate (DCA) 96
PCL, gelatin Doxorubicin (Dox) 98
PEG, PLGA 10-Hydroxycamptothecin (HCPT)/hydrophilic tea 99
polyphenol (TP)
PCL Paclitaxel 61
PLA Doxorubicin (Dox)/doxorubicin hydrochloride (Dox-HCI) 100
PVP, HB Artemisinin (ART) 101
PLA, PEO Rapamycin 102
PS Biotin-BSA/streptavidin-biotin/biotinylated anti-EpCAM 103
Anti-inflammatory PCL Ibuprofen or carvedilol 104
painkillers PCL Naproxen (NAP) 105
EC, zein Indomethacin 59
PCL, gelatin Ketoprofen 106
Antibacterials CA, PVP Amoxicillin 107
PEG, PCL Curcumin/doxorubicin 108
PCL Metronidazole/ciprofloxacin 109
PCL Gentamicin/Ag 110
PCL, chitosan Ciprofloxacin 111
PVP, PCL, cellulose acetate Nisin 112
PCNU Antimicrobial oligomer (AO) 113
PCL, gelatin Metronidazole 114
Other classes Poly(methyl vinyl ether-al&-maleic ethyl Salicylic acid/methyl salicylate capsaicin 115
monoester)
PLGA Growth factors 116
Chitosan, PEO Insulin 117
PLA Lovastatin 118
PVP Carvedilol 119
CA Ferulic acid (FA) 120
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drugs release mechanism and pharmacokinetics of drug-loaded
electrospun nanofibers is still very few, which would limit the
practical application.

5.2. Biological dressings

Electrospun fibers have good gas permeability and can provide
a biomimetic environment for skin cell regeneration during
wound healing. The small pore size distribution of the fiber
membrane can also effectively block the invasion of bacteria,
which is suitable for skin dressings and artificial imitation skin
(Fig. 8)."”' In addition, the electrospun fiber membrane has
a large specific surface area and can be loaded with drugs to
promote the rapid recovery of damaged skin. Croisier prepared
polyelectrolyte polysaccharide (chitosan and hyaluronic acid)
coated PCL fiber composites by combining electrospinning with
a layer-by-layer deposition technique. Chitosan and hyaluronic
acid were deposited on the surface of the electrospun PCL fibers
by opposite charge attraction. Cell culture tests corroborated
the potential use of the prepared composite in wound heal-
ing."”* Bismethoxyglycine (DMOG) was loaded into PCL/type I
collagen (COLI) core/shell electrospun nanofibers by Gao to
prepare a functional diabetic wound dressing. In the treatment
of diabetic ulcers, the prepared drug-loading core/shell nano-
fiber could effectively control the release of DMOG, and effec-
tively stabilize the hypoxia-inducible factor (hif-1a) in vitro and
in vivo, and thus trigger transcription of downstream genes,
which promote diabetes wounds' re-epithelialization, angio-
genesis, and wound healing."”® Based on the application of
honey for tissue regeneration, Sarkar used electrospinning to
prepare honey/polyvinyl alcohol (PVA) fiber scaffolds. The study
showed that a low content of honey in electrospun fibers could
provide a more favorable internal microenvironment for tissue
regeneration. Fiber scaffolds containing 1% honey had high
antibacterial properties, and scaffolds containing 0.5% honey
had high antioxidant and anti-inflammatory properties.'>* After
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High porosity

Small aperture to
block bacterial
invasion

=

Biocompatibility,
biodegradability
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preparing PCL nanofibers by electrospinning, a solution of
chitosan (CS)-based NO was dropped onto the nanofibers to
prepare CS-NO coated PCL/CS-NO wound dressings. PCL/CS-
NO wound dressings could promote re-epithelialization and
granulation formation, effectively improve the tissue structure
of the regenerated tissue at the epidermal-dermal junction, and
accelerate the wound healing process.”” Trinca prepared
double-layer fibers for skin wound repair materials by electro-
spinning, one layer was the mechanical support which was
composed of PCL or PCL/cellulose acetate blend (PCL/CA), and
the other layer was the wound dressing which consisted of
chitosan/poly(ethylene oxide) (CHI/PEO). The fibers had low
cytotoxicity to L929 fibroblasts and could promote adequate
cells proliferation, which met the requirements of wound
dressings for skin lesion.?* Mahmoudi added graphene oxide to
a polymer mixed solution of chitosan, PVP, and PEO to elec-
trospin in order to obtain a nanofiber membrane (fiber diam-
eter of about 60 nm), whose mechanical property was close to
that of natural skin. The prepared nanofiber membrane could
be used for temporary skin grafting. The graphene oxide
nanoflakes embedded in the fibers had a good effect on acute
wound healing in adult male rats, and 14 days after the opera-
tion, large open wounds (1.5 x 1.5 cm?) were completely
regenerated.’” SA@Ca”>'/RCSPs core/shell nanocomposite
fibers were prepared by Li with a coaxial electrospinning tech-
nology using a PVP solution containing calcium ions and
Chinese wood frog skin peptides (RCSPs) as the core spinning
solution, and a PVP solution containing sodium alginate (SA) as
a shell solution. In vivo experiments in black rats showed that
the composite nanofibers could quickly stop bleeding and
effectively promote wound healing. The healing rates of
SA@Ca>"/RCSPs nanofiber treated wounds on days 5 and 15
were 46.65% and 97.46%, respectively.”” Sundaran placed
ampicillin-loaded chitosan microbeads into two layers of PCL
electrospun fibers to form a sandwich structure material

Good breathability

; :> Small fiber diameter
/ Bio-adhesive fit is good

It can be coated with anti-
infective drugs,
antibacterial agents,
vasodilators, etc.

Fig. 8 Characteristics of electrospun nanofibers and their applications in biological dressings.
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(MbAPPCL). An in vitro cytotoxicity assay of L-929 fibroblasts by
direct contact and elution methods revealed that MbAPPCL had
non-cytotoxic properties. Cell adhesion and activity assays
further found that MbAPPCL was cyto-compatible as a wound
dressing. The hemolysis rate and platelet adhesion rate indi-
cated that MbAPPCL had blood compatibility. A susceptibility
test of MbAPPCL to Staphylococcus aureus also showed its
excellent antibacterial properties.**®

Electrospun fibers have made great progress in wound
dressings, but there are still many areas need to be improved.
For example, the fabrication of new structure nanofibers for
wound healing, and the combination of electrospinning and 3D
printing technology. The electrospun fibers can also be
combined with electrical stimulation, pressure, magnetic force
and other external forces to play a better role.

5.3. Tissue repair

Electrospinning enables the preparation of continuous ultrafine
fibers with diameters similar to those of natural extracellular
matrices (ECMs). Electrospun nanofiber scaffolds can thus
mimic the structure of ECMs in humans to a great extent.
Electrospun fiber membranes or fiber mats have high porosity,
good pore connectivity, a large specific surface area and
biocompatibility, which provide a good microenvironment for
cell survival to help cells adhere, differentiate, and proliferate.
The thickness, the three-dimensional structure, and mechan-
ical properties of the electrospun nanofiber scaffold can be
regulated by adjusting the electrospinning parameters. More-
over, bioactive molecules (such as growth factors, cell regula-
tors, and even living cells) and inorganic particles (such as
hydroxyapatite) could be added into to nano-scaffolds in elec-
trospinning, which give electrospun fiber scaffolds a variety of
functions. Electrospun nanofiber materials are widely used in
the field of tissue repair such as trachea, nerves, skin, cartilage,
bones, blood vessels, tendons, and ligaments.

Hinderer prepared proteoglycan, PCL, gelatin hybrid matrix
electrospun fibers for tracheal tissue repair. Studies showed that
human bronchial cells could attach, migrate, and maintain their
phenotype on the electrospun hybrid matrix fibers."” Farrugia
combined “electrospinning” with a computer “programmable x-y
mode” to prepare a three-dimensional porous cell-invasive PCL
fiber scaffold with a porosity of 87%. The fiber diameter was 7.5 £
1.6 pum, the inter-fiber distances were 8-133 um with an average of
46 + 22 um. The porous structure of the fiber scaffold could
facilitate cell immersion. In vitro experiments showed that the cells
could fully penetrate the fiber scaffold after 14 days.”** Kador
fabricated a biodegradable PLA electrospun scaffold to direct the
radial growth of retinal ganglion cell (RGC) axons. An increase in
RGC survival was observed with this scaffold, and there was no
significant change in electrophysiological properties of RGC. 81%
of RGCs projected axons radially along the scaffold fibers, facili-
tating the use of cell transplantation therapy for glaucoma and
other retinal degenerative diseases.” Gustafsson prepared poly-
ethylene terephthalate (PET) and polyurethane (PU) nanofiber
scaffolds by uniaxial electrospinning and studied their biocom-
patibility. The results showed that the size of electrospun PET or
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PU fibers matched the size of ECM fibers, and the specific surface
area of the electrospinning fiber scaffold was large. The prepared
electrospun fiber scaffolds were suitable for cell attachment and
proliferation.®® Vaquette cultured osteoblasts in the alveolar bone
and prepared PCL electrospun fiber membranes to cultivate peri-
odontal ligament cells. Electrospun fibers could form a supporting
network around the cells to provide fixed anchor points for cells
and promote cell adhesion and proliferation.” Xi prepared
a hybrid biomimetic skin repair tissue engineering scaffold by
electrospinning. The hybrid nanofibrous scaffold was composed of
polycitrate-polylysine (PCE) and PCL. The scaffold had tissue
elasticity, high antibacterial activity, and could effectively prevent
bacterial infection of wounds. The scaffold could also promote
wound healing and enhance the regeneration of skin. In PCL-PCE
nanofibrous scaffolds, a high PCE content in the scaffold had
strong antibacterial ability against normal bacteria and multi-drug
resistant bacteria (MDR). After incubation with the PCL-PCE
nanofibrous scaffold for 2 h, significant morphological changes
occurred in E. coli. The intact cell structure was destroyed and the
cell membrane was depressed, indicating that the antibacterial
performance of the PCL-PCE nanofibrous scaffold was good
(Fig. 9). The scaffold could also significantly promote complete
wound healing and skin regeneration in a mouse model.*** Luo
put primary embryonic motor neurons obtained from C2C12 cells
on an electrospun PLA nanofiber scaffold. The PLA nanofiber
scaffold could guide C2C12 cells to grow in the direction of the
fiber arrangement to form myotubes."** Organic/inorganic nano-
fibrous scaffolds with nanosilicate in a PCL fiber matrix were
successfully fabricated by Wang via electrospinning. The
nanosilicates-doped nanofibers were capable of inducing bone
formation better than pure PCL nanofiber samples due to the use
of nanosilicates consisting of hydrous sodium lithium magnesium
silicate.”* Scaffolds with a shish-kebab (SK) structure formed by
PCL nanofibers and chitosan-PCL (CS-PCL) copolymers were
prepared by Jing by combining electrospinning with a subsequent
crystallization. The introduction of chitosan into PCL electrospun
nanofibers enhanced the affinity of the PCL scaffold for cells.
When the ratio of PLC to chitosan in the chitosan-PLC copolymer
was 8 : 8, the scaffold PCL-SK (CS-PCLgg) had a distinct shish-
kebab heterostructure. Water contact angle and biomimetic
activity experiments showed that the shish-kebab PCL-SK (CS-
PCLgg) scaffold had stronger hydrophilicity and mineralization

Fig.9 SEM of morphological changes of E. coli cultured with PCL and
PCL-30% PCE electrospun nanofibers after 2 days: (A) PCL electro-
spun nanofibers, (B) PCL-30% PCE electrospun nanofibers, red arrows
indicate morphological changes of bacterial cell membranes.

This journal is © The Royal Society of Chemistry 2019
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ability than the electrospun smooth PLC fiber and shish-kebab
PCL-SK (PCL) scaffold. PCL-SK (CS-PCLgg) scaffolds also exhibi-
ted good cell adhesion, cell viability, and metabolic activity for
MG63 osteoblasts, indicating that the scaffold had potential
application for bone tissue engineering.”*® A glucosamine (GA)-
loaded PEG/PLA scaffold was synthesized by Mirzaei using elec-
trospinning for cartilage tissue engineering. After 5 days of culture
of chondrocytes on the scaffold, the addition of GA was found to
increase the amount of protein adsorption on the scaffold, thereby
enhancing the adhesion of the scaffold to the cells (Fig. 10A-D). In
addition, the molecular weight of the polymer also had an effect on
cell adhesion (Fig. 10A-D). The binding of PEG with a high
molecular weight (M,, = 20 000) to GA could promote the adhesion
of scaffolds to cells (Fig. 10D).*” Piai loaded chondroitin sulfate
(CS) onto PCL nanofibers by electrospinning. The human articular
chondrocytes maintained their unique circular and cell agglom-
eration characteristics on CS-loaded PCL fibers, which was bene-
ficial to the application of fibers in cartilage tissue repair."*®

Electrospun fibers have been used to repair a variety of
tissues as shown above and summarized in Table 5. Current
studies have shown that electrospun fibers mainly repair tissue
by directly interfering with cell orientation and proliferation,
affecting cell mobility, changing cell morphology, interfering
with cell differentiation. However, these studies are far from
enough. As a substitute for functional tissue, it is necessary to
further deepen its action mechanism.

5.4. Enzyme immobilization

The high specific surface area and porosity of the electrospun
fibers can effectively alleviate the diffusion resistance of the
matrix and greatly improve the catalytic ability of the loaded

Fig. 10 SEM of scaffold chondrocyte culture after 5 days: (A) PLA-PEG
(M,, = 3000), (B) PLA-PEG (M,, = 3000)-GA, (C) PLA-PEG M,, =
20 000), (D) PLA-PEG (M,, = 20 000)-GA.

This journal is © The Royal Society of Chemistry 2019
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enzyme. The method of enzyme immobilization in electrospun
fibers is mainly the surface loading method (such as the active
functional group loading method, chemical crosslinking, and
surface modification). Basturk immobilized o-amylase by
surface covalent bonding to electrospun polyvinyl alcohol/
polyacrylic acid (PVA/PAA) nanofibers with diameters
ranging from 100 to 150 nm. The immobilized a-amylase was
more resistant to temperature inactivation than free o-
amylase.” The keratinolytic protease immobilized PVA elec-
trospinning nanofibers were fabricated by impregnating PVA
electrospinning nanofibers into protease solution. The kera-
tinolytic protease immobilized on the PVA nanofibers
enhanced the activity and stability even at an higher temper-
ature and a wider pH range."® The amylase and protease were
covalently immobilized onto electrospun poly(styrene-co-
maleic anhydride) nanofibers with partial retention of their
catalytic activity by incubating electrospinning fiber mat in
protein solution. It was demonstrated that amylase could
retain its catalytic activity when co-immobilized with
protease.’** The PVA/Zn>* polymer/ionic metal composite
nanofiber was prepared by electrospinning and used as
carriers in lipase immobilization. The PVA/Zn>* composite
nanofiber must be crosslinked before lipase immobilization
because of the water solubility of PVA. The hydroxyl groups of
PVA and the aldehyde groups of glutaraldehyde were cross-
linked at room temperature for 24 h to obtain water-
insoluble nanofibers. Then the water-insoluble nanofibers
were immersed to lipase solution to obtain lipase immobilized
nanofiber. The lipase immobilized nanofiber exhibited
enhanced enzymatic stability. The lipase immobilized PVA/
Zn>* nanofiber could keep 90% activity at 70 °C after 40 min,
while the free lipase lost all its activity after the same time."**
The horseradish peroxidase (HRP) immobilized magnetic
Fe;0,/polyacrylonitrile (PAN) electrospinning nanofibers were
synthesized for phenol removal application. Firstly, Fe;O, and
PAN were dispersed in dimethylformamide, and stirred to
obtain electrospinning stock solution. The Fe;0,/PAN
magnetic nanofibers were prepared by electrospinning the
above stock solution. Secondly, the Fe;O,/PAN magnetic
nanofibers were surface modified using dopamine and
glutaraldehyde solution. Finally, the modified fibers were
immersed into the HRP solution for a certain time to obtain
HRP immobilized Fe;0,/PAN nanofibers. The HRP immobi-
lized Fe;04/PAN electrospinning nanofibers with 40% Fe;0,
nanoparticles loading had the lowest HRP loading, but had the
highest activity, because of the magnetic synergy of Fe;O,
nanoparticles.”® Compared with other enzyme carriers, elec-
trospun fiber has more advantages. In recent years, there are
more and more applications of electrospinning in enzyme
immobilization. The fibers immobilizing B-p-galactosidase,***
xylanase,**® glucose oxidase,"*® naringinase'*” and laccase
have been successfully prepared by electrospinning.

At present, the enzyme immobilization in electrospun fibers
is mainly by surface loading method. Different loading modes
lead to different binding capacities between enzymes and
fibers. Considering new loading modes will be of great help to
explore the applications of enzymes.
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Table 5 The application of electrospinning in tissue repair

Electrospun polymers Application References
Proteoglycan/PCL/gelatin Tracheal tissue repair 129

PLA Direct the radial growth of retinal ganglion cell (RGC) axons 131
PET/PU Bond tissue repair 63

PCL Cultivate periodontal ligament cells 132
PCE/PCL A hybrid biomimetic skin repair tissue engineering scaffold 133

PLA Form myotubes 134

PCL To induce bone formation 135
CS-PCL Bond tissue repair 136
PEG/PLA Culture chondrocytes 137

PCL Cartilage tissue repair 138

6. Outlook

This study reviewed the application of electrospinning tech-
nology in the biomedicine field, and focused on its application
in drug controlled release, biological dressings and tissue
repair. With the continuous development of electrospinning
technology and equipment, some electrospun products directly
sprayed onto wounds are commercially available. The batch
preparation of fibers could be accomplished by needle-free
electrospinning equipment. Although the batch preparation of
electrospun nanofibers has achieved remarkable results, theo-
retical research on the formation process of the spinning cone
of the needle-free electrospinning equipment is still not perfect,
and the structural design of the spinning tube needs to be
further developed. At present, drug loaded electrospun fibers
have been applied in a variety of drug delivery forms. Consid-
ering the morphology and structure of electrospun nanofibers
and the advantages of self-forming film, it is expected that
transdermal drug delivery can be realized. Composite materials
with multiple functions are the hotspots in the field of
biomedicine. Nano gold and graphene can be combined with
electrospun fibers to prepare multifunctional biomaterials.
Metal-organic framework materials (MOFs) are now widely
studied because their structure is adjustable and has a high
specific surface area, and thus the combination of electro-
spinning and MOF is expected to develop new biocomposites.
In addition, considering the toxicological properties of elec-
trospun fibers, how to achieve green preparation by selecting
polymers and solvents is also a challenge for electrospinning
technology.
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