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Coelectrospinning and emulsion electrospinning are two main methods for pre-
paring core–sheath electrospun nanofibers in a cost-effective and efficient man-
ner. Here, physical phenomena and the effects of solution and processing
parameters on the coaxial fibers are introduced. Coaxial fibers with specific
drugs encapsulated in the core can exhibit a sustained and controlled release.
Their exhibited high surface area and three-dimensional nanofibrous network
allows the electrospun fibers to resemble native extracellular matrices. These fea-
tures of the nanofibers show that they have great potential in drug delivery and
tissue engineering applications. Proteins, growth factors, antibiotics, and many
other agents have been successfully encapsulated into coaxial fibers for drug
delivery. A main advantage of the core–sheath design is that after the process of
electrospinning and release, these drugs remain bioactive due to the protection
of the sheath. Applications of coaxial fibers as scaffolds for tissue engineering
include bone, cartilage, cardiac tissue, skin, blood vessels and nervous tissue,
among others. A synopsis of novel coaxial electrospun fibers, discussing their
applications in drug delivery and tissue engineering, is covered pertaining to
proteins, growth factors, antibiotics, and other drugs and applications in the
fields of bone, cartilage, cardiac, skin, blood vessel, and nervous tissue engineer-
ing, respectively. © 2016 Wiley Periodicals, Inc.
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INTRODUCTION

The process of electrospinning was first patented
by Gooley in 1900 and 1902.1 In the 1990s, this

technique was revived by Reneker et al.2,3 for fabri-
cation of various One-dimensional nanostructures.

Electrospinning is of great interest due to its simple
method, low cost, varied electrospinnable materials,
and fabrication control of micro to nanostructures
with inherently high surface to volume ratio. Appli-
cations of electrospun fibers include drug delivery,4,5

tissue engineering,6 filtration membranes,7 self-
cleaning materials,1 reinforcement fillers,8 solar
cells,9 sensors,10 supercapacitors,11 lithium-ion
batteries,12 among others.

The electrospinning process utilizes a strong
electrostatic force produced by a high voltage source
to draw micro- or nanoscale fibers from the charged
liquid. Compared with single component round-
shaped fibers, the coaxial fibers have many advan-
tages on biomedical applications: (1) The bioactive
drugs can be safely escorted by the sheath phase from
the harsh environment. (2) With the control of thick-
ness of core phase and sheath phase, a sustained and
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controlled release of a model drug can be achieved.
(3) By choosing two suitable components, the coaxial
fibers can exhibit desirable mechanical properties.
(4) The structure of coaxial fibers resembles extracel-
lular matrix (ECM). (5) For scaffolds, a more bio-
compatible polymer can be selected as a shell while a
less biocompatible polymer is selected as a core.

COAXIAL ELECTROSPUN
NANOFIBERS

Methods
There are several approaches for preparing core–
sheath electrospun nanofibers including coelectros-
pinning,13,14 emulsion electrospinning,15–17 template
deposition method,18,19 electrostatic force induction
method,20 phase separation method,21,22 and other
unique set ups.23–25

The coelectrospinning method is a modification
of the traditional single spinneret electrospinning set
up. The single spinneret is replaced by two coaxial
capillaries in which two channels are connected to
two reservoirs. The coaxial configuration of nozzles
can provide different pathways for inner and outer
solutions. The basic coelectrospinning set up is illus-
trated in Figure 1. This innovative method was first
reported by Loscertales et al.13 in 2002 and devel-
oped by Sun et al.14 in 2003. Loscertales et al.13 pro-
duced the capsules with diameters ranging from
150 nm to 10 μm in an electrospray manner. Sun
et al.14 first used this set up to prepare nanofibers
with core–sheath structure and named this technique
‘coelectrospinning.’ Xu et al.15 first produced coaxial
nanofibers by emulsion electrospinning using the

conventional single spinneret in 2006. The water-in-
oil (W/O) emulsion consists of amphiphilic
poly(ethylene glycol)-poly(L-lactic acid) block copol-
ymer in chloroform as the organic phase and
poly(ethylene oxide) in water as the water phase.
Owing to unstable stretching and evaporation of the
low boiling point organic solvent, the emulsion is
partially de-emulsified and the viscosity of oil phase
increases more rapidly than the water phase (chloro-
form evaporates faster). The resulting viscosity gradi-
ent causes the water phase to move into the inner
space leading to core–sheath nanofibers (Figure 2).
Additional emulsifiers are often needed to improve
the electrospinnability and kinetic stability of the
emulsion.27 This method is simple and particularly
suitable for drug delivery of water-soluble drugs
encapsulated by sheath polymer. However, this
method is often difficult to prepare homogeneous,
stable, and electrospinnable emulsions and usually
leaves defects in the core–sheath structure. In many
cases, the resulting fibers have a dispersed water
phase as small blobs without core–sheath structure.28

The template deposition method uses a traditional
electrospun fiber as the template. In combination
with other techniques including chemical vapor depo-
sition (CVD),29 sol–gel method30 and atomic layer
deposition (ALD),18,19 the sheath materials like
metals, metal oxides, or polymers can be coated onto
the electrospun fiber template forming a core–sheath
structure. However, each of the deposition methods
has its own limitations. For example, the uniform
coating is hard to achieve due to frequently depletion
of the precursor in CVD method. In addition, tem-
plate deposition is a two-step method. Coaxial nano-
fibers can be obtained by electrostatic force induction
as well. Li et al.20 dispersed copper nanoparticles in
poly(vinyl alcohol) (PVA) solution with dioctyl sulfo-
succinate sodium (AOT) as surfactant. As the solu-
tion is highly polarized, the copper/PVA nanofibers
are formed based on the high mobility, short dis-
tance, and electrostatic absorption. Phase separation
is another simple way for fabrication of coaxial
fibers. Under a high electrical field, the homogenous
solution of different components tends to be unstable
and phase separation results due to viscosity and
charge density difference.21 There are some other
methods reported which are mainly focused on devel-
oping set ups of electrospinning. Fakhrali et al.23

used two opposite asymmetric nozzles to obtain
coaxial electrospinning fibers. Liu et al.24 combined
the conventional electrospinning and PCA (precipita-
tion with a compressed fluid antisolvent) process to
prepare coaxial fibers with hollow structure. Lee
et al.25 developed a core-cut nozzle system which can
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FIGURE 1 | A schematic of coaxial electrospinning. (Reprinted
with permission from Ref 26. Copyright 2008 Taylor & Francis (www.
tandfonline.com))
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effectively reduce the instability of fluid jet. Viry
et al.31 combined the emulsion electrospinning with
coelectrospinning. The emulsion as the core phase
was coelectrospun with another polymer solution as
the shell. The internal structure can be tailored by
the ratio of the dispersed phase to the continuous
phase.

Among these different methods, coelectrospin-
ning is used most extensively. It is a one-step method
which is simple to adopt. Coelectrospinning allows a
number of core materials which are not capable of
forming electrospun fibers alone, to be electrospun
into a 1-D nanostructure via the protection and guid-
ance of a sheath solution. Many unstable com-
pounds, such as growth factors or antibiotics, can be
isolated by a shell from harsh environment and elec-
tric charges. Even living cells have been directly elec-
trospun as core and were found viable afterwards.32

After removing the sheath layer, nonelectrospinnable
fibers can be obtained. The size of coaxial fibers is
easy to control by adjusting the solution and proces-
sing parameters. It is for these reasons that making
coelectrospinning stands out among various
methods.

Physical Theories and Phenomena
To prepare and control the desired coaxial electro-
spun fibers, it is best to understand the coaxial elec-
trospinning phenomena and the underlying physics.
In many cases, electrospraying, formation of mono-
lithic fiber or clogging of the spinneret may happen
while using coelectrospinning. Unlike electrospray-
ing, the solution of electrospinning stays in a continu-
ous jet which is dominated by viscoelastisity and
bending instability. At the exit of coaxial nozzles,
core solutions are trapped in sheath solution forming

a droplet with a similar prolate shape to the Taylor
cone (Figure 3). The droplet and fluid jet are formed
by the strong pulling stress of electrostatic force
between spinneret and collector. The jet is linearly
straight at first and becomes unstable due to bending
instability after traveling a short distance. Numerical
simulations34 showed that electric charges move to
the surface of the jet rapidly during electrospinning.
For this reason, the movement of core solution is
possibly entrained only by viscous traction. Accord-
ing to Earnshaw’s theorem of electrostatics, it is
impossible to maintain a stable stationary equilib-
rium configuration for point charges. Charges on the
surface induce the jet subject to complex spiraling
trajectories to minimize the repulsive Coulomb inter-
actions. This bending instability along with the high
electrostatic force results in the rapid evaporation of
solvent and dramatically stretches the jet into core-
shell nanofibers. Tracer particle tracking system35

reveals that the acceleration of fluid jet can be as high
as 600 m/second2 and the deformation of the jet is
on the order of 103. Sometimes the instability can
cause perturbation in core–sheath interphase. Coax-
ial fibers can be prepared even by the identical poly-
mer and solvent with the same concentration. Sun
et al. observed the coaxial morphology of same
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FIGURE 2 | Proposed mechanism of emulsion electrospinning.
(Reprinted with permission from Ref 15. Copyright 2006 John
Wiley & Sons)
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FIGURE 3 | (a) Coaxial fluid jet formed by coelectrospinning.
(b) Transmission electron microscopy (TEM) image of coaxial
PANI/poly(vinyl alcohol) (PVA) fibers. (Reprinted with permission from
Ref 33. Copyright 2004 John Wiley & Sons)
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polymer by using Bromophenol as the color
marker.14 With suitable processing parameters, the
characteristic time of the coaxial electrospinning
should be on the order of τ1 = 1 ms. Meanwhile, the
diffusion time of core or sheath solution is τ2 = d2/Da

(d: diameter of fiber. Da: diffusion coefficient) which
is normally on the order of 10 ms. With shorter char-
acteristic time, boundaries of two solutions should be
able to survive in electrospinning. On the collector,
nonwoven coaxial fibers are randomly deposited
forming a mat. Detailed theoretical and experimental
works of coelectrospinning have been addressed
previously.25,34,36,37

Solution Parameters
Numerous materials, including organic and inorganic
materials, have been successfully electrospun into
ultrafine coaxial fibers. Selection of the appropriate
materials and solvent is extremely important for
steady generation of coaxial fibers especially those
for biomedical applications.

The viscosity of sheath solution is required to
be sufficient to produce enough viscous traction for
core solution. High viscosity can overcome the inter-
facial tension and allow a stable Taylor cone to be
formed. Only when the sheath solution has sufficient
viscoelasticity, the fluid jet can be stabilized to pro-
duce coaxial fibers instead of core-shell particles.
With low viscosity, the jet will breakup due to Ray-
leigh instability. When the viscosity is higher but still
below a critical value, the Rayleigh instability is not
suppressed completely, in which case beads-on-string
fibers will be produced. The core solution can have a
lower viscosity. However, a minimum viscosity is
required by the core solution to prevent the breakup
of jet solution in the bending instability stage. Poly-
L-lactic acid (PLLA)38, polyethylene glycol (PEG),39

and polyvinyl alcohol (PVA)40, for example, are
often added into the core solution to increase the vis-
cosity. However, recently Luo et al.41 demonstrated
that a polymer sheath solution with low viscosity can
be electrospun into coaxial fibers when using a suita-
ble liquid solvent as the core. The core liquid is
required to have high surface tension and high inter-
facial tension to suppress the Rayleigh instability. We
know from previous studies that the sheath solution
needs to be electrospinnable to form the fiber struc-
ture whereas the core solution could be nonelectros-
pinnable. McCann et al.42 used nonelectrospinnable
C16–C20 hydrocarbons as a core and an organic–
inorganic blend solution (Polyvinylpyrrolidone(PVP)/
TiO2) as a shell to prepare coaxial fibers successfully.
Polymer chain entanglements to some extent

determine the viscosity of the solution. Ways of
increasing viscosity include decreasing operating tem-
perature, using high molecular weight polymer or
increasing polymer concentration.43 However, when
the concentration or viscosity is too high, the solu-
tion frequently clogs—not allowing fibers to be
drawn.

The choice of the inner and outer solvents
determines the miscibility of two solutions. Previous
works showed that core and sheath solutions with
miscible or even the same solvent are capable of pre-
paring coaxial fibers. Sun et al.14 demonstrated that
the coelectrospinning period from the exit of the noz-
zle to the collector is shorter than the characteristic
time of diffusion. He used the same polymer and sol-
vent with a same concentration and successfully pro-
duced core–sheath nanofibers. Yu et al.33 stated that
using the same solvent can decrease the interfacial
tension, which is beneficial for developing a uniform
core–sheath fiber. The use of a volatile solvent can
result in porous nanofibers, which is sometimes
favorable for constant release of drugs. However, if
the volatility is too high, the rapid evaporation can
cause clogs of the spinneret or multiple jets; in both
cases, no coaxial fibers will be drawn.

The concentration of polymer solution controls
the viscosity. With an increase of polymer concentra-
tion, the viscosity of the solution increases. Zhang
et al.44 investigated the influence of polymer concen-
tration. His works showed that a higher concentra-
tion of both core and sheath solution can produce
coaxial nanofibers with higher core and sheath dia-
meters. By controlling the concentration, the dia-
meters of the core or of the sheath can be
continuously tuned. In drug delivery systems, the
thickness of the sheath can determine the rate of drug
release and the thickness of the core can determine
the amount of available drugs.

Another solution parameter is conductivity.
The conductivity of the core is not necessary. Studies
have shown that a nonconductive core solution can
be used in coelectrospinning as long as the sheath
solution is conductive. In addition, a higher conduc-
tivity of core solution can cause the breakup of a
core due to a strong pulling force.33 A higher con-
ductivity of a sheath solution favors thinner fibers
due to strong electrostatic force and bending instabil-
ity. Baumgarten45 showed that the diameter of elec-
trospun fiber is inversely related to the cube root of
the solution conductivity. Additionally, the conduc-
tivity of the core or sheath solution can be achieved
by adding salts such as NaCl, Fe(NO3)3, etc.

46 When
the conductivity of the sheath solution is too high,
the abundant surface charges can affect the
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uniformity of coaxial fibers due to strong bending
instability. Therefore, only within an optimal range
of the core and the sheath conductivity, smooth sur-
faces and interphases can be formed.

Overall, the suitable core and sheath solutions
should have the following features: (1) Electrospin-
nable sheath material. (2) A relatively high viscosity
of sheath solution. (3) Viscosity of core solution
above a critical value (can be not as high as sheath
solution). (4) Low surface tension of core solution.
(4) Sheath solution should be conductive. These fea-
tures are general but not necessary. To prepare uni-
form and steady coaxial fibers, experiments are
needed to determine the optimal solution parameters.

Processing Parameters
Processing parameters can greatly affect the forma-
tion and structure of coaxial fibers as well. Normally,
there are three main processing parameters:
(1) Applied high voltage. (2) Flow rate of core and
sheath solution. (3) Tip-to-collector distance.

If the applied voltage is too low, the gravity can
still play an important role, in which case pendent
drops will be formed at the exit of nozzles. Increasing
the applied voltage to a critical value is a requirement
for a stable Taylor cone to be formed. However,
excess of high voltage will start to pull the fluid jet
inside of the capillary and often clog the capillaries.
The Taylor cone tends to recede and two fluid jets
corresponding to core and sheath solution can be
observed.26,47 Further high voltage may result in
corona discharge. Within an optimal range of applied
voltage, a higher voltage will yield similar effects as a
higher conductivity of solution, in which cases smal-
ler diameter fibers are formed.

Generally, the tip-to-collector distance is
directly related to the flight time of fluid jet and elec-
tric field strength.48 If the distance is too short then
there is not enough time for the solvent of the sheath
to evaporate completely. Sometimes, excess solvent
can dissolve the incompletely solidified fiber to give
an interconnected fiber mesh49 (Figure 4). A longer
distance favors the stretch of coaxial fibers, thus a
smooth and thin nanofiber can be formed. However,
if the distance is too long, beaded fibers can be cre-
ated in some cases.35 With a further increase of dis-
tance, due to the lack of electrostatic force, no fiber
can be deposited on the collector.

Flow rate determines the amount of solution
for coelectrospinning. Compared with the flow rate
of the sheath, the flow rate of the core plays a more
important role for preparing the coaxial fibers. Gen-
erally, if the flow rate of the core is too low, the core

phase will not be continuous and breakup of core
will happen. If the flow rate is too high, pendent dro-
plets can be formed. Within an optimal range, Wang
et al.50 demonstrated that the diameter of the core
can be readily controlled by the flow rate of the core.
They discovered that the range of optimal applied
voltage is rather small when preparing poly(DL-lactic
acid)/poly(3-hydroxy butyrate) (PDLLA/PHB) core–
sheath fibers. In contrast, the flow rate of the core
solution is related to the diameter of the core by scal-
ing laws of df ~ Qc

0.18 (df: inner fiber diameter, Qc:
flow rate of the core solution) while the diameter of
the sheath remains unchanged. We gather from pre-
vious studies that the flow rate of core solution is
usually lower than that of the sheath solution.

In addition to the above parameters, there are
others such as the diameters of the inner and outer
nozzles and atmosphere conditions such as tempera-
ture, humidity, etc. From previous studies, these
parameters have minor influences on the formation
and uniformity of coaxial fibers.

Morphology of Coaxial Nanofibers
With the core–sheath structure of fibers, some further
modifications have to be adopted to change the
morphologies. Researchers can modify the collector
to control the direction or orientation of electrospun
fibers. Generally, the flat-grounded collector made up
by conductive materials such as aluminum foils is
used to keep the electric field stable and dissipate the
residual charges. Owing to the bending instability
described in previous sections, the flight path of the
jet is very complex, and a nonwoven mat of coaxial
fibers can be deposited on the flat collector. There
are numerous studies about nonwoven coaxial elec-
trospun fibers been reported.41,50

By replacing the flat collector with a rotating
drum collector, highly aligned coaxial fibers can be
obtained. Mathew et al.51 investigated the influence
of rotating speed on aligned fibers. When the rotating
speed is low, the fibers deposited on the collector are
still unwoven. As the rotating speed increases to an
optimal range around 4000 rpm, the degree of align-
ment increases significantly. However, if the speed is
too high, the resulting fibers can be broken due to
the pulling force. Aligned nanofibers are desirable in
many applications especially in tissue engineering.
Aligned nanofibers resemble ECM, smooth muscle
cells, neurons, etc., and have been shown to offer
nanotopographical cues for direct migration of cells.
Wang et al.52 fabricated highly aligned coaxial nano-
fibers containing nerve growth factor (NGF) and use
them as nerve growth conduits (NGC). The in vivo
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experiment showed that highly aligned coaxial fibers
combine the advantages of both bimolecular signals
and physical guidance cues and significantly pro-
moted the nerve regeneration (Figure 5). Liao et al.53

used the same technique to prepare coaxial nanofi-
bers in which poly-ε-caprolactone (PCL) as a shell
while platelet-derived growth factor (PDFG)-bb or
bovine serum albumin (BSA) as a core. The result
showed that the loading level is high. The released
growth factor maintained its bioactivity and sus-
tained release was achieved.

Many researchers have interests in porous
nanomaterials due to its large surface area. Porous
fibers can allow large drug loading, outstanding cell
attachment, sufficient nutrients transport, and quick
waste removal.54 There are various approaches for
producing porous electrospun fibers. Using a low
boiling point solvent such as dichloromethane (boil-
ing point of 39.6�C) is a common method.55,56 The
pores on the surface are generated due to the fast
evaporation of the solvent and the rapid solidifica-
tion. Other ways include increasing humidity57 and
using a water-immersed collector.58 Gulfam et al.58

fabricated a highly porous core–sheath fiber network
by coelectrospinning and placing the collector under
water (Figure 6). The core phase was gelatin while
the shell was PCL. The mechanism proposed is that
the phase separation and solvent evaporation enable
the pores to form. They used this porous coaxial
fiber as a scaffold to culture embryonic stem cells,
breast cancer cells, and fibroblast cells. After several
days, the cells were still viable and attached to the
fibers due to covalent bonds.

Coelectrospinning is able to prepare hollow
nanofibers as well. Tubular nanofibers are believed
to be useful in numerous applications including drug
delivery and tissue engineering. Compared to other
methods, coelectrospinning is preferred in preparing
long continuous nanoscale hollow fibers, as
template-directed approaches only work for short
length fibers. The fiber diameters of hollow fibers
prepared by mechanical drawing method are often
limited to the microscale as well. Dan et al.59 first
fabricated hollow nanofibers by coelectrospinning.
The researchers chose mineral oil as the core solution
and Ti(OiPr)4/PVP in ethanol as the sheath solution.
The PVP was used to increase the viscoelasticity dur-
ing the electrospinning process. The mineral oil was
extracted by immersing coaxial fibers in octane for a
number of hours. The hollow pure Titania fibers
were obtained by calcining in air at 500�C. TEM
images showed uniform and circular cross sections in
these hollow nanofibers. Based on this method,
numerous ceramic hollow nanofibers can be fabri-
cated by simply replacing Ti(OiPr)4 with other sol–
gel precursors. Gu et al.30 successfully prepared hol-
low LiNi0.8Co0.1O2-MgO coaxial fibers using a simi-
lar method. The key in preparing hollow electrospun
fibers is the selective removal of the cores. Common
ways are either by thermal decomposition or through
use of a selective solvent. The core and sheath sol-
vents must be immiscible. In addition, the sheath
material is required to endure the annealing tempera-
ture or the selective solvent conditions. The hollow
morphology can also be observed after the release of
core phase in some drug-encapsulated coaxial

(a) (b)

5.0 µm 5.0 µm

FIGURE 4 | (a) Nylon-6,6 electrospun fibers prepared at a tip-to-collector distance of 2 cm. (b) Interconnected fiber mesh prepared at a tip-to-
collector distance of 0.5 cm. (Reprinted with permission from Ref 49. Copyright 1999 Elsevier)
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fibers.60 With a water-soluble drug phase as the core,
during the sustained release period, the core phase
starts to diffuse out. After a complete release, the
solid coaxial nanofiber becomes hollow. The core
phase is required to be water soluble or has a much
higher degradation rate than the sheath phase.

In addition to these morphologies, there are
other unique structures like three-dimensional struc-
tures61 and fiber-in-tube structures.62 However, bio-
medical applications are rarely reported based on
fibers with these structures.

COAXIAL ELECTROSPUN
NANOFIBERS FOR DRUG DELIVERY

Various drug delivery systems including polymer
micelles, liposomes, gels, complexes, or coaxial nano-
fibers have been extensively investigated.63 Coaxial

nanofibers have the advantages of flexibility in select-
ing materials and drugs, high encapsulation efficacy,
high resistance of harsh environment for bioactive
drugs, low cost, ease to operate, and sustained con-
trol of drug release making it an appealing system for
drug delivery.

Materials
The materials used for drug delivery must be biocom-
patible, meaning no or minor toxicity and immune
responses are induced. Biocompatible materials can
be further classified into biodegradable and nonbio-
degradable materials. By far, most of studies are con-
cerned with commercially synthetic polymers or
natural polymers. This section will focus on the sup-
porting or protective matrix of coaxial fibers. The
encapsulated drugs will be discussed in later sections.
Some material and solvent selections of coaxial fibers

Core

Shell

SEM of aligned nanofibers TEM of core-shell nanofibers

1 mm
5 mm

Removed nerve

Nerve guidance conduit

Regenerated nerve

Nerve guidance conduit

FIGURE 5 | (a) Scanning electron microscopy (SEM) and TEM images of the aligned coaxial nanofibers. (b) Surgical implantation of the
aligned coaxial fibers for nerve regeneration in a rat. The fibers were used to bridge a 13-mm nerve defect. (c) The contour of nerve after
12 weeks. (d) Regenerated nerve after removing the aligned coaxial fibers. (Reprinted with permission from Ref 52. Copyright 2012 Taylor &
Francis (www.tandfonline.com))
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used for biomedical applications are listed in
Table 1.

Biodegradable materials are more popular due
to elimination of a second surgery to remove the
implanted fibers.84 Common biodegradable synthetic
polymers including PCL, PEG, poly-L(or D or DL)-
lactide (PLA, PLLA, PDLA, PDLLA), PVA,
poly(lactic-co-glycolic acid) (PLGA), poly(L-lactide-
co-caprolactone) (PLCL), etc., are widely used. Poly-
saccharides such as chitosan, cellulose, alginate, chi-
tin, and proteins such as collagen, gelatin, zein, and
silk fibroin (SF) are commonly used natural poly-
mers. Sridhar et al.85 have summarized the natural
materials in the field of electrospun nanofibers for
biomedical applications. Additionally, Lee et al.86

summarized the polysaccharides based electrospun
fibers.

One important issue regarding material selec-
tion is the rate of degradation. When using nonbio-
degradable materials as a drug delivery carrier, the
release of the drug is primarily through slow diffu-
sion. However, the release behavior is more compli-
cated when using biodegradable materials. Generally,
a sustained and controlled release is preferred. In a
biodegradable system, as the supporting material
degrades, the release of the drug can become very
rapid. Sometimes the local drug concentration can be

high enough to be toxic. Altering the composition
and crystallinity of a polymer blend or copolymer is
a straightforward way to control the rate of degrada-
tion. For example, PLGA is a copolymer widely used
in therapeutic devices. Depending on the ratio of lac-
tide to glycolide, the mechanical properties, degrada-
tion rate, hydrophilicity, and crystallinity can be
continuously controlled. Specifically, the presence of
the methyl group in PLA makes it more hydrophobic
than PGA and thus degrades slower. A detailed
review of PLGA can be found in Ref 87. Viry et al.31

and Wang et al.52 have used the PLGA as a shell to
control the degradability of drug delivery carriers.
The addition of some proteins can regulate the bio-
degradation rate as well. Xiao et al.88 encapsulated
proteinase K in PEG matrix as a core while PLA was
used as a shell. The proteinase K is a fungal serine
protease which is able to accelerate the hydrolysis
of PLA.

In most cases, a hybrid blend of natural poly-
mer and synthetic polymer is desirable. The synthetic
polymers can provide sufficient mechanical properties
and improve electrospinnability. The natural poly-
mers can improve the cellular attachment for a better
mimicking of the environment of ECM. In addition,
the enhanced hydrophilicity provided by natural
polymers is beneficial when carrying hydrophilic

Power Power

Syringe pump

Water-immersed collector

Core-shell nanofiber Porous core-shell fiber network

0.1 µm

Shell (PCL)

Core (Gelatin)

(a) (b)
(c)

FIGURE 6 | (a) Set up of coelectrospinning for core–sheath nanofibers. (b) Set up of coelectrospinning in a water-immersed collector for
porous core–sheath nanofibers. (c) TEM image of core–sheath gelatin/poly-ε-caprolactone (PCL) nanofibers. (Reprinted with permission from Ref
58. Copyright 2011 American Chemical Society)
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drugs. Giner et al.80 developed PLA–collagen coaxial
fibers for controlled delivery of gentamicin antibio-
tics. He chose PLA as a shell and collagen as a core.
Collagen is supposed to hold gentamicin and increase
the affinity of gentamicin to PLA in fibers.

Drug Release Mechanism
The drug release mechanism is dominated by diffu-
sion when nonbiodegradable polymers are chosen as
a matrix. For water-soluble drugs, the water mole-
cules diffuse into the polymer matrix first. Then the
drugs are dissolved in water and finally diffuse out of
the polymer networks.89 For biodegradable coaxial
fibers, the release mechanism becomes more compli-
cated. Three main factors including diffusion, degra-
dation, and shell thickness should be considered
together. The basic mechanisms of drug release are
shown in Figure 7.

The typical release profile for a coaxial drug
delivery system is an initial burst release followed by
a long period of sustained release. This initial release
is through the quick diffusion of drugs deposited on
the fiber surfaces. The highest drug concentration is
located in the core phase. The sustained release is
mainly controlled by diffusion through the polymer
matrix and slow degradation of the polymer. Tian
et al.27 dissolved the vascular endothelial growth fac-
tor (VEGF) in BSA water solution and dispersed
water phase with oil phase (PLCL in chloroform).
After emulsion electrospinning, the resulting nanofi-
bers were found to have a coaxial morphology. In
vitro release study showed a sustained release for up
to 672 h (28 days). The entire release profile can be
split into two stages, the burst stage (first 24 h) and
the sustained stage (later 648 h). By changing the
protective agent from BSA to dextran, the burst
release can be largely suppressed from 9.6% for
PLCL–BSA to 1.0% for PLCL–Dextran. The

difference is due to the changed drug distribution in
coaxial fibers. An x-ray photoelectron spectroscopy
(XPS) study that showed more VEGF was located on
the surface of PLCL–BSA. After 28 days, the average
fiber diameter became smaller compared with the
fibers before the release. In addition, breakages and
erosion of coaxial fibers were found in SEM images
which further substantiated the proposed mechanism.
The results indicated that the release pattern is
greatly determined by the drug quantity loaded on
the surface or sheath phase. A higher loading on the
surface will result in a stronger burst release. Wang
et al.52 and Yan et al.82 reported similar biphasic
drug release patterns and mechanisms.

The amount of initial released drugs can be tai-
lored by adjusting the flow rate of the sheath solution
as well. Yu et al.71 used PVP as the sheath, and Keto-
profen (KET) in ethyl cellulose as the core. Two dif-
ferent sheath fluid flow rates (0.5 and 0.8 mL/h) are
chosen to investigate the influence of the sheath solu-
tion flow rate. The initial burst is 30.7 and 41.2%
for 0.5 and 0.8 mL/h, respectively.

Nguyen et al.39 compared porous coaxial fibers
with nonporous coaxial fibers. They fabricated the
porous coaxial composite fibers with salicylic acid
(SA) in PEG as a core and PLA as a sheath. The non-
porous fibers released a much smaller amount of SA
in the first day. Over a period of 5 days, the amount
of drugs released from the porous fibers is two times
higher than nonporous samples. The porous mor-
phology has a higher surface area that allows easy
penetration of water molecules into the core phase.

Binary or multiple releases of drugs are capable
of releasing two or more kinds of drugs simultane-
ously. In most cases of the binary release coaxial
fiber system, two drugs are dispersed separately
into two different phases. Choi et al.64 prepared the
dual release coaxial fibers by encapsulating basic
fibroblast growth factor (bFGF) in the core phase

(a) (b) (c) (d)

FIGURE 7 | Basic release mechanisms: (a) Diffusion through pores. (b) Diffusion through polymer networks. (c) Osmotic pumping. (d) Erosion
of a polymer. (Reprinted with permission from Ref 89. Copyright 2011 Elsevier)
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and immobilized epidermal growth factor (EGF)
on the surface of the shell. Figure 8 is the schematic
diagram. Surface immobilization was accomplished
through the reaction between surface exposed amine
group and carboxyl group of EGF. The release pro-
files showed a clear binary release of each growth
factor. The bFGF showed a high initial burst in 24 h,
while the EGF showed negligible release in first
7 days. This physically loaded bFGF released much
faster than chemically loaded EGF. A similar study
showed the same release profiles for this type of sys-
tem.90 Multiple drugs can also be incorporated in
core phase together. Jin et al.67 encapsulated multiple
epidermal induction factors (EIFs) including EGF,
insulin, hydrocortisone, and retinoic acid (RA) in the
core by dissolving them in a BSA solution. The
sheath is gelatin and poly-L-lactide (PLLCL). No
burst release was observed, instead a stable and sus-
tained release for more than 15 days was shown by
the release profile. A sheath phase can protect the
core phase and effectively suppress the initial burst.
The EIF encapsulated coaxial nanofibers could be
served as a promising graft for skin regeneration.

Proteins
More and more bioactive drugs have been incorpo-
rated into nanofibers. One important advantage of
coelectrospinning compared with the conventional
method is that the core phase can be protected by the
sheath phase from direct exposure to the harsh envi-
ronment. By using the blend-electrospinning method,
the bioactive molecules can lose their bioactivity
completely or at least partially. The protecting agents
are of importance. Special care must be taken to
ensure that drugs remain bioactive.

Fibrinogen (factor I) is a glycoprotein that
aids in the formation of blood clots. One of the
benefits of fibrinogen is that it can be produced from
a patient’s own blood so no inflammatory responses
will be induced. Ravichandran et al. 65 fabricated
poly(glycerol sebacate)/fibrinogen (PGS/fibrinogen)
coaxial fibers. The core phase of elastomeric PGS can
provide mechanical properties comparable to native
tissue and the shell phase of fibrinogen is designed to
promote cell–fibers interactions.

Wang et al.74 and Jiang et al.76 encapsulated
water-soluble proteins, such as BSA and lysozyme, in

In aqueous phase

E
G

F

c
o
n
ju

g
a
tio

n

Released bFGF

bFGF/EGF NF

PEG-NH2 linker

NH2

EDC, HOBt

HOOC

FGF

EGF

Exposed-amine groups on

surface of nanofiber

bFGF nanofiber
by coaxial electrospinning

Proliferation of epidermal cells by released
bFGF and conjugated EGF from bFGF/EGF NF

FIGURE 8 | Schematic of preparation of coaxial nanofibers with basic fibroblast growth factor (bFGF) encapsulated in the core and epidermal
growth factor (EGF) immobilized on the surface. The fibers showed a dual release profile. (Reprinted with permission from Ref 64. Copyright 2011
Royal Society of Chemistry)
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the core phase and investigated their release profiles.
Wang used emulsion electrospinning and chose poly-
styrene (PS) as the sheath while model protein–BSA
as the core. His research suggested that the release
rate can be tuned by tailoring the molecular weight
of PS. With a higher molecular weight polymer, an
increased release rate was observed. Higher molecu-
lar weight polymer has a higher viscosity which
slows the inward movement of water droplets during
the emulsion electrospinning. So, more water dro-
plets containing proteins are located on or near the
surface. Jiang controlled the release rate by varying
the feed rate of the core solution. For a higher feed
rate, there is an associated increase in loading of
model protein and accelerated the release of BSA. By
measuring the turbidity change at 450 nm in a
Micrococcus lysodeikticus bacterial cell solution, the
relative activity of lysozyme was determined. No sig-
nificant decrease was observed suggesting that lyso-
zyme remains bioactive after the electrospinning and
release process.

Growth Factors
As a special type of protein, growth factors play an
important role in drug delivery and tissue regenera-
tion. Typically, growth factors are capable of
instructing specific cellular responses. The signaling
can result in cell actions including cell growth, prolif-
eration, migration, healing, and cellular differentia-
tion.91 The instruction is completed through binding
to specific transmembrane receptors on the target
cells.

Bone morphogenetic protein 2 (BMP-2) has
been shown to stimulate the production of bone tis-
sue. Signal transduction studies reveal that Smad1,
5, and 8 are the immediate downstream molecules of
BMP receptors.92 The BMP can potently induce oste-
oblast differentiation in a variety of cells. Dexameth-
asone (DEX) is a steroid which has been adopted to
support the osteogenic differentiation in vitro,
together with β-glycerophosphate and ascorbic acid.
Su et al.82 successfully incorporated BMP-2 and DEX
into the poly(l-lactide-co-ε-caprolactone) (PLLACL)/
collagen coaxial fibers and controlled/altered the
release profile. The release result showed a similar
profile to BMP-2 and DEX. After 504 h, the released
amount of BMP-2 and DEX reached 73.7 and
60.5%, respectively. Diffusion and degradation of
coaxial fibers were thought to control the release
rate. Increased alkaline phosphatase activity, mineral-
ization, and osteoblast marker expression were
observed on coaxial fibers showing that the drugs

remained bioactive after electrospinning and releas-
ing. Srouji et al.93 used PCL/polyethylene oxide
(PEO) fibers as the carrier for BMP-2 and the scaf-
fold showed a sustained release. These results demon-
strate that coaxial electrospun nanofibers have a
great potential for bone tissue regeneration.

Poor innate healing capability of fibroblastic
tissues (e.g., pelvic floor fascia) can be attributed to
the scarcity of fibroblastic to produce collagen.
Rubert et al.75 preserved bFGF in PCL/PEO ultrafine
fibers (which is biocompatible and anti-inflamma-
tory). The diameter of the fibers was well tuned by
changing the electrospinning parameters. No toxic
effects were found by lactate dehydrogenase activity
assay. The drug delivery system showed a controlled
release and enhanced connective tissue regeneration
demonstrating that PCL/PEO coaxial nanofiber is a
practical delivery vehicle to preserve the functionality
of growth factors. Yang et al.17 imbedded bFGF into
coaxial fibers using emulsion electrospinning tech-
nique. An initial burst release of bFGF as low as
14.0 � 2.2% was observed, followed by sustained
release for around 4 weeks. Owing to a high affinity
of polymeric matrix with bFGF, the protein detach-
ment from the core phase is slow which leads to a
low initial burst release. Liao et al.53 encapsulated
PDGF in aligned core–sheath nanofibers. The PDGF
could be released completely in 35 days with near
zero-order kinetics and preserved bioactivity. Tian
et al.27 encapsulated VEGF in PLCL/BSA and PLCL/
dextran. Choi et al.64 investigated bFGF- and EGF-
binary release system.

Antibiotics
After surgery, infection is a big concern. Severe infec-
tions can require another surgical intervention which
is costly and can also endanger health.94 Antibiotics
are extensively used as biocides to kill or inhibit the
growth of bacteria. The coaxial fibers containing
antibiotics are promising in applications of wound
dressings. Ignatova et al.95 summarized some antibio-
tics such as levofloxacin, tetracycline hydrochloride,
ciprofloxacin, moxifloxacin, Fusidic acid, and silver
nanoparticles (AgNPs) encapsulated nanofibers for
wound dressing.

Giner et al.80 examined the encapsulation of
gentamicin antibiotic into PLA/collagen coaxial
fibers. As for comparison, pure PLA fibers and blend
fibers of PLA–collagen containing gentamicin were
prepared. The gentamicin was almost completely
released (98%) within the first 50 h for the blend of
PLA–collagen fibers. Regarding PLA fibers, because
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of the hydrophobic nature of PLA, only 33% of gen-
tamicin was released in the first 50 h. From 250 h to
500 h, almost no release was observed and the
retained amount was as high as 58%. However, the
coaxial fibers partially suppressed the burst release
and showed a sustained release instead. The resultant
fibers displayed a high antibacterial performance
against Staphylococcus epidermis, Pseudomonas aer-
uginosa, and Escherichia coli along with a high cell
proliferation capacity. The results demonstrate that
drug-encapsulated coaxial fibers are promising drug
delivery carrier with strong and timing controllable
antibacterial properties.

Sohrabi et al.72 incorporated ampicillin into
poly(methyl methacrylate) (PMMA)/nylon-6 coaxial
fibers. As described before, adding salt will increase
the conductivity of solution which results in a
stronger electric force. Owing to the ionic nature of
the ampicillin sodium salt, the diameter of fibers
decreases by increasing the drug content. The investi-
gation of release kinetics indicated that the burst
release stage (Stage I) followed non-Fickian diffusion
while Stage II and III obeyed Fickian diffusion. Stage
III has a lower diffusion coefficient due to the crystal-
lization as a consequence of the long time incubation
in potassium buffer solution. Coaxial fibers with a
high concentration of drugs (20%) showed the high-
est antibacterial activity against Gram-positive Liste-
ria innocua (Figure 9).

The AgNPs have been recognized as the opti-
mal candidates among recently nontraditional anti-
bacterial agents.96 Zhang et al. reported a drug
delivery system in which PVP and AgNPs were
used as the sheath and PLLA and a model drug were
used as the core. The binary release profile and anti-
microbial properties were studied.38 For chitosan-
based coaxial fibers, chitosan itself can be used as
antibacterial agent and help deliver the model
drug.77

Other Drugs
Levetiracetam (Lev, Keppra) is an antiepileptic drug
used to treat epilepsy in adults.97 Viry et al.31 exam-
ined the release of Lev in PLGA coaxial fibers. A
novel technique which combined emulsion and coe-
lectrospinning was presented. Figure 10 is the mor-
phology of coaxial and emulsion/coaxial fibers.
Water phase containing Lev are emulsified in a PLGA
oil phase which is then coelectrospun with pure
PLGA solution. After the evaporation of the solvent,
the core architecture was composed of microcavities
surrounded by fiber bulk. The microcavities were
regarded as drug reservoirs and showed distinctive
release kinetics from conventional coaxial fibers. A
small disperse-to-continuous phase ratio in the core
solution allows the formation of small cavities and a
long diffusive length, whereas a bigger ratio forms a
larger and shorter diffusive path. The presence of
drug reservoirs allows a nearly linear and sustained
release of Lev for over 21 days. This PLGA/Lev
nanofiber is aimed to be implanted into the brain for
treatment of epilepsy. In addition, the technique of
emulsion coelectrospinning provides a novel way to
prepare nanofibers with drug microreserviors. This
architecture is ideal for decreasing the diffusion rate
of drugs, especially for those with low molecular
weight.

DEX is a widely used steroid that treats various
diseases with its anti-inflammatory and immunosup-
pressant effects. Chen et al.70 prepared a core/shell
nanofiber with DEX as the core and SF/poly(ethylene
oxide) as the sheath by emulsion electrospinning.
‘Green electrospinning’ without an organic solvent
ensured the nontoxicity of the fibers. In vitro
study showed that the released drug could reduce the
lipopolysaccharide (LPS)-induced porcine hip
artery endothelial cells (PIECs) inflammatory
damage. The release profiles of nonsteroidal anti-
inflammatory drugs such as ketprofen,71,73 flurbipro-
fen axetil,81 SA,39 ibuprofen,83 etc. were also well
studied.
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COAXIAL ELECTROSPUN
NANOFIBERS FOR TISSUE
ENGINEERING

Tissue engineering has attracted significant research
interests for decades. Biological substitutes can be
developed from an individual’s own cells with excel-
lent biocompatibility and the ability to repair, regen-
erate and remodel.98 The electrospinning technique
has been found to have great potential for regenera-
tion of tissues such as bones, cartilage, nerves, blood
vessels, cardiac muscles, skins, etc. The mechanical

strength, bioactive components, hydrophilicity, sur-
face conditions, and compatibility are main concerns
when using electrospun fibers for tissue engineering.
The electrospun fibers can be used as a tissue engi-
neering scaffold due to a similar morphology to
ECM. The inherently high surface to volume ratio of
electrospun fibers can enhance drug loading, mass
transfer, cell attachment, proliferation, and differenti-
ation. With a superior performance in drug delivery
as described above, the coaxial fibers with controlled
release are found to have better performance than
monolithic fibers on tissue engineering.

(a) (b)

(c) (d)

(e) (f)

FIGURE 10 | SEM images of coaxial fibers (a and c) and emulsion coaxial fibers (b, d, e, and f ). (e) A bigger disperse-to-continuous phase
ratio (1/5) in core. (F) A smaller ratio (1/55).31
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Materials
Like drug delivery, the materials used for tissue engi-
neering must be biocompatible. Also, biodegradable
or hybrid materials are preferred due to the elimina-
tion of a second surgery to remove the implanted
scaffold.84 The rate of degradation can be controlled
by hydrophilicity, polymer molecular weight, crystal-
linity, and polymer blends to coincide with the rate
of tissue regeneration. If the degradation rate is too
slow, the tissue regeneration will be impeded. How-
ever, if the degradation rate is too fast, the mechani-
cal stability and the release of encapsulated drugs
will be greatly compromised.

The coaxial fiber scaffold should have a
mechanical strength close to the anatomical site
where the scaffold is to be implanted. It must be
strong enough and structurally stable in order to
allow surgical handling during the process of implan-
tation.99 The natural materials such as chitosan, gela-
tin, collagen, and chitin usually have weak physical
properties. Nguyen et al.77 investigated the mechani-
cal properties of PLA/chitosan (PLA/CS) nanofibers
with different compositions. The pure chitosan fibers
have poor mechanical properties (0.5 MPa tensile
strength and 5.2% strain at break) while the PLA/CS
coaxial fibers can reach 1.4 MPa and 10.9%, respec-
tively. As for comparison, pure PLA fibers had a high
tensile strength of 3.3 MPa. With the introduction of
PLA component, the mechanical properties of
PLA/CS coaxial nanofibers can be significantly
improved. Therefore, an ideal mechanical strength
can be tuned by changing the composition of materi-
als. Some material and solvent selections of coaxial
fibers used for tissue engineering are listed in
Table 1.

Bone
Bone tissue is the major structural and supportive
connective tissue of the body formed by cells, organic
matrices (type I collagen fibers), and inorganic salts
(hydroxyapatite, HA). Bone tissue engineering often
uses the osteoblasts seeded fibrous scaffold as a tem-
plate for bone tissue regeneration. Numerous studies
incorporated mineral components such as HA, demi-
neralized bone powders, calcium carbonate, and
β-tricalcium phosphate (TCP) into coaxial fibers to
permit and promote the proliferation and ossification
of bone cells.55 McCullen et al.100 found that the
optimal concentration of calcium ions for enhancing
human adipose-derived stem cells (hASCs) osteogenic
differentiation in culture medium is 8 × 10−3 M. The
coaxial fibers with a sustained release can deliver cal-
cium ions at a nearly constant optimal concentration,
which is impossible for single component fibers. Asli
et al.55 doped TCP into PLA fibers with three differ-
ent morphologies (single component, porous fibers,
and core/sheath fibers) to investigate the release pro-
files and bone tissue engineering performances. Dif-
ferent from the other two morphologies, no burst
release was observed for coaxial fibers and the rate
of release remained fairly constant for a long period
of 36 days. Desorption and degradation were
thought to be primary mechanisms for the release of
TCP nanoparticles. The scaffold degradation analysis
indicated that porous fibers exhibited the highest rate
of weight loss (30% degraded in 36 days, Figure 11).
Live/dead analysis showed that all three fibers main-
tained high hASC viability after 21 days.

Pant et al.21 fabricated nylon-6/lactic acid(LA)
coaxial nanofibers by simply blending the LA and
nylon-6 solution. Unlike the conventional single
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nozzle electrospinning, the resulting fibers showed a
coaxial morphology instead of a monolithic mor-
phology. The complex phase separation was thought
to be responsible for the core–sheath structure. With
further neutralization by calcium hydroxide, the
sheath phase of LA converted into calcium lactate
(CL) which can offer nucleation sites for calcium
phosphate during bone regeneration. The cell viabil-
ity test showed the Nylon-6/CL scaffold had a higher
viability of cells than pristine nylon-6 scaffold. A bet-
ter cell attachment and proliferation were also
observed in Nylon-6/CL fibers. The results indicated
that the formation of CL on the fiber surface can
increase the biocompatibility and facilitate the nucle-
ation of HA.

Some researchers used coaxial fibers as reinfor-
cing fillers as a part of scaffold. Kai et al.66 presented
a hydrogel-based tissue scaffold by incorporating
PCL/gelatin coaxial electrospun nanofibers into gela-
tin hydrogel matrix. This electrospun fiber of rein-
forced hydrogel nanocomposite can provide the
necessary mechanical support as a scaffold and
enhance the proliferation of bone marrow mesenchy-
mal stem cells (BM-MSCs). By increasing the amount
of fibers, the Young’s modulus increased more than
6 times from 3.29 to 20.30 kPa. With interactions
between nanofibers and hydrogel, the swelling ratio
decreased from 600 to 450–500%.

Cardiac Tissue
Heart failure is a major cause of death worldwide,
claiming 17 million people each year.101 The myocar-
dial infarction, which is well known as ‘heart attack,’
can kill cardiomyocyte, remodel myocardial, and
damage cardiac function, finally resulting in heart
failure.102 Cardiac tissue engineering aims to create a
functional tissue construct that is able to repair or
reform the structure and function of the damaged
myocardium.103

Fibrin is widely used in tissue engineering
research. However, low mechanical stiffness
has restricted its applications. Ravichandran et al.65

designed poly(glycerol sebacate)/fibrinogen (PSG/
fibrinogen) coaxial fibers as a cardiac patch. The core
phase of PSG is elastomeric and deformable thereby
making the patch has similar mechanical properties
with native cardiac tissue. The patch is extremely
hydrophilic with the water contact angle as low as
10.4 � 1.6�. By immunocytochemical analysis, the
cardiac-specific marker proteins showed the charac-
teristic striations and muscle filaments. This proved
that the isolated cells were functional cardiomyo-
cytes. Moreover, the cells cultured on the coaxial

fiber patch could form gap junctions with the host
cardiomyocytes and facilitated the myocardial regen-
eration. The PGS/fibrinogen coaxial fibers have suita-
ble mechanical properties comparable to that of
native tissue and excellent biocompatibility, making
them an ideal cardiac patch for the regeneration of
infarcted myocardium.

Regenerative medicine such as growth factors
can assist in the process of tissue engineering. Tian
et al.27 encapsulated BSA or dextran protected VEGF
into the PLCL fibers with a core/shell structure. With
a prolonged release of bioactive growth factor, excel-
lent attachment and proliferation of human bone
marrow-derived mesenchymal stem cells (MSCs)
were observed on the VEGF/PLCL coaxial scaffolds
in vitro test. They could be potential substrates for
cardiac tissue regeneration.

Skin
A recent study showed that over 6 million people suf-
fer from a severe burn every year, and among these
300,000 persons die.104 It has been proven that coax-
ial fibers used as a scaffold help wound healing from
hemostasis to re-epithelialization. Various growth
factors can stimulate the migration and differentia-
tion of cells suh as fibroblasts, endothelial cells, kera-
tinocytes, etc in skin tissues. Yang et al.17 imbedded
bFGF into poly(ethylene glycol)-poly(DL-lactide)
(PELA) nanofibers by emulsion electrospinning. In
vitro study on a mouse embryo fibroblast showed
that bFGF/PELA scaffold can help cell adhesion, pro-
liferation, and secretion of ECM. In vivo experiment
was conducted for the dorsal wounds of diabetic
rats. The bFGF-loaded scaffold revealed a signifi-
cantly higher wound healing rate with a complete re-
epithelialization and regeneration of skin. These
results suggest the potential use of PELA/bFGF coax-
ial fiber mats to rapidly heal of wounded skin for
patients with diabetic mellitus.

Apart from bFGF, there are various mediators
that can stimulate receptors facilitating wound heal-
ing. The EGF has been shown to stimulate the prolif-
eration and migration of keratinocytes and accelerate
wound closure in vivo.105 Insulin can improve
wound matrix formation.105 Hydrocortisone and RA
have been reported to promote proliferation of kera-
tinocyte and guide epithelial differentiation of stem
cells.106 Jin et al.67 incorporated EGF, insulin, hydro-
cortisone, and RA as multiple EIFs with gelatin
into PLLCL fibers. Blend and coelectrospinning were
performed for comparison. They optimized the
release profiles of multiple mediators for a desired
period of time. The in vitro cell proliferation of
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adipose-derived stem cells (ADSCs) showed that the
cell proliferation on Gel/PLLCL/EIF (core/shell) was
43.6% higher than Gel/PLLCL/EIF (blend) after
15 days due to a sustained release of EIF. The epider-
mal differentiation study indicated that the percent-
age of keratinized epithelial cells on the Gel/PLLCL/
EIF (core/shell) and Gel/PLLCL/EIF (blend) were
62.2 and 43.0%, respectively. ADSCs on a scaffold
of Gelatin/PLLCL, PLLCL, and TCP without EIF
remained undifferentiated with a fibroblastic pheno-
type. This study can sheds light on the design of a
site-specific niche-like microenvironment for epider-
mal differentiation and present insights on the design
the delivery carrier containing multiple drugs for
wound healing.

Zhang et al.79 investigated the influence of sur-
face coating for proliferation of human dermal fibro-
blasts (HDFs). It has been previously proven that
collagen on the surface can facilitate the proliferation
of HDF. They prepared coaxial electrospun nanofi-
bers of PCL/collagen with collagen as the shell by
coelectrospinning. Rough coaxial PCL/collagen
nanofibers were also prepared by soaking the PCL
fibers in a collagen solution overnight. Their experi-
ment results showed that the density of HDF on a
coaxial PCL/collagen scaffold is almost twice as high
as a rough coaxial PCL/collagen scaffold. And SEM
images showed that the coaxial PCL/collagen scaffold
encouraged cell migration within the scaffolds.
Therefore, cells are more prone to interact with coax-
ial fibers than rough-coated fibers. Chen et al.70

encapsulated DEX into SF/PEO nanofibers by emul-
sion electrospinning. The DEX-loaded scaffold can
reduce the PIECs inflammatory damage and LPS-
induced apoptosis.

Cartilage
Cartilage is a type of connective tissue which consist-
ing of 68–85% water, 10–20% collagen, and 5–10%
are proteoglycans.107 The specialized cells in cartilage
are called chondrocytes. They can maintain and
remodel the cartilage tissue. However, the self-repair
ability of cartilage is poor due to the avascularity and
the low mitotic ability of chondrocytes.108 Currently,
no appropriate clinical method is able to fully regen-
erate the functional cartilage. Despite the various
methods, scaffolds, seed cells, and bioactive factors
are the three basic components for cartilage regenera-
tion. Bone marrow-derived stem cells (BMSCs) and
recombinant human transforming growth factor-b1
(rhTGF-b1) are seed cells and growth factors exten-
sively used in cartilage tissue engineering research.
Man et al. 60 designed a codelivery system using

coaxial electrospun fibers as the scaffold. The core is
composed of PVP/BSA/rhTGF-b1 composite, whereas
the shell is composed of PCL. Owing to the hydro-
phobic nature of PCL, there are no recognition sites
for cell attachment which means the cellular
responses and interactions between cells and scaf-
folds are poor. A BMSC-affinity peptide (E7) which
is discovered by Man’s group is conjugated to the
coaxial fibers by covalent bonds to improve the
BMSC adhesion to the scaffold. Owing to the low
degradation rate of shell PCL, a sustained rhTGF-b1
growth factor release was observed. TEM images
showed hollow tube morphology after the release of
drug. More cartilage-specific genes were expressed in
the coaxial scaffolds than the control samples after a
14-day incubation period, in vitro, meaning the scaf-
fold can effectively promote BMSC chondrogenic dif-
ferentiation. This codelivery scaffold was found to
synchronously improve all of the three basic compo-
nents (scaffold, seed cells, and bioactive factors)
needed for cartilage tissue engineering which is rarely
seen in other electrospun scaffolds. Platelet deriva-
tives are known to be an efficient source of natural
growth factors. Buzgo et al.109 incorporated platelet
α-granules into the coaxial fiber to exam its perfor-
mance in cartilage regeneration. The bioactivity of
platelet α-granules was well preserved. The scaffold
was observed to stimulate the cell viability and chon-
drogenic differentiation of mesenchymal stem cells.
These results indicated that coaxial electrospun fibers
are promising scaffolds for cartilage regeneration.
However, further animal tests are necessary to fully
exam the scaffolds.

Blood Vessels
Vascular grafts, especially small diameter vein or
artery (less than 5 mm), are important therapeutic
materials for the treatment of coronary artery dis-
ease.110 Wang et al.69 prepared PLA/CS coaxial
fibers as a vascular gasket and compared it with a
pure PLA fiber graft and a commercial vascular
patch. CS served as a sheath due to its higher bio-
compatibility. The surface of the coaxial fiber was
chemically cross linked by genipin and modified by
heparin to improve the mechanical properties. By
twisting the flat fiber mat around a rod, the shape of
the vascular graft was well developed. For in vitro
experiments, a high viability of 92.4% was observed
for a PLA/CS graft in 7 days, showing a good bio-
compatibility. Blood tests of the activated partial
thromboplastin time (aPTT) and prothrombin time
(PT) showed that the coagulation time of blood
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(32 s, 9.2 s, respectively) of coaxial PLA/CS graft
was longer than a PLA mat and similar to a commer-
cial patch (Figure 12). The anticoagulant property
of coaxial fibers was superior to PLA and the com-
mercial patch. In vitro blood flow tests showed
that PLA/CS graft had nearly no blood cells adhered
onto the graft after 4 h. Thus, the chemically modi-
fied PLA/CS coaxial fibers can be used as a
potential anticoagulant biomaterials and intravascu-
lar stent.

Nervous Tissue
Surgical treatment for peripheral nerve defects is a
serious clinical task for surgeons. Recently, a lot of
research has focused on nerve guidance conduits
(NGC) for treatment of nerve injuries.111 The NGC
has a tubular structure that bridges the gap between
a proximal and a distal nerve. The NGF is known to
be responsible for axonal growth. It has been
reported that NGF can regulate the differentiation
of Schwann cells and remyelination of the axon.112

Wang et al.52 prepared coaxial nanofibers with
NGF as the core and PLGA as the sheath in an
aligned fiber morphology (Figure 5). The effect
of NGF/PLGA coaxial NGC on nerve regeneration
was evaluated in a rat with a 13-mm sciatic nerve
defect model. In vivo study showed that this NGC
can provide the physical guidance and bimolecular
signals for promoting nerve regeneration. The elec-
trophysiological study was conducted on the nerve

defected rats after 12 weeks. The performance of
nerve conduction velocity (NCV) and compound
motor action potential (CMAP) for NGF/PLGA
model were almost the same as the autograft
model and significantly better than the PLGA model.
The morphological and functional analysis proved
that NGF/PLGA coaxial NGC could greatly promote
the peripheral nerve regeneration. Compared
with many other NGC, the aligned coaxial fibers
containing NGF combine the benefits of physical
guidance cues and biomolecular signals to promote
nerve generation. Owing to these features, the
aligned drug-doped coaxial fibers are believed to
have a potent NGC for the treatment of peripheral
nerve injuries.

CONCLUSION

The presence of a two coaxial-nozzle configuration
and emulsion electrospinning has made it easy to
develop electrospun nanofibers with a unique core/
shell morphology. Recently, due to widespread inter-
est of coaxial electrospun fibers in drug delivery and
tissue engineering, significant advances have been
made. By coelectrospinning, some nonelectrospin-
nable materials can form a fibrous structure due to
the protection and guidance of the sheath phase
which largely broadens the choice of materials. With
careful selection of raw materials and optimal para-
meters, various drugs have been encapsulated into
coaxial fibers. A bioactive drug can be isolated and
remain bioactive after the release. The drug-loaded
coaxial fibers typically exhibit a sustained release by
mitigating the burst release. Meanwhile, the nanofi-
brous structure resembles the topological features of
ECM, promoting the cell adhesion, migration, prolif-
eration, and differentiation. The methods of coelec-
trospinning and emulsion electrospinning allow a
straightforward way to precisely manipulate the mor-
phology, biocompatibility, degradation, wettability,
and mechanical property of the resulting fibers as well
as the biological response to the coaxial scaffold.

Still many challenges surround this area of
research. First of all, although the physical theories
about the formation of coaxial nanofibers are well
understood, a fully theoretical prediction of the final
morphology remains impossible. It is because rheo-
logical and electric properties differ for each system.
To get a satisfactory coaxial morphology, many
experimental trials with different parameters are
required. Compared to the conventional method,
some special requirements should be met. Second, the
dimension of the coaxial fiber is larger than that of a
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single component fiber. It is probably due to the
impeded evaporation of the solvent and the elonga-
tion of the jet caused by the interphase. Up to now,
the diameter of fine coaxial fibers is about 60 nm
while single component fibers with several nan-
ometers have been reported. It remains impossible
to create a uniform and massive production of coax-
ial electrospun nanofibers. Presently, most studies of
coaxial fibers regarding drug delivery and tissue

engineering are conducted in vitro. In vivo studies
are rare but continue to increase in number. Other
issues include precisely controlling the rate of degra-
dation and drug release, needing a deeper under-
standing of interaction between coaxial fibers and
cells, etc. Further investigation and cooperation of
material scientists, biologists, chemists, physicists,
and biomedical scientists are needed to overcome
these challenges.
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