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ty and Ins
A B S T R A C T

Resorbable polymer electrospun nanofiber-based materials/devices have high surface-to-volume ratio
and often have a porous structure with excellent pore interconnectivity, which are suitable for growth
and development of different types of cells. Due to the huge advantages of both resorbable polymers and
electrospun nanofibers, resorbable polymer electrospun nanofibers (RPENs) have beenwidely applied in
the field of tissue engineering. In this paper, we will mainly introduce RPENs for tissue engineering.
Firstly, the electrospinning technique and electrospun nanofiber architectures are briefly introduced.
Secondly, the application of RPENs in the field of tissue engineering is mainly reviewed. Finally, the
advantages and disadvantages of RPENs for tissue engineering are discussed. This review will provide a
comprehensive guide to apply resorbable polymer electrospun nanofibers for tissue engineering.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Resorbable polymers, also named as biodegradable polymers,
are a class of polymers that serve a function, and then are gradually
biodegraded, metabolized and eliminated under in vivo chemical
or enzymatic action in the body [1–5]. Resorbable polymers can be
classified into natural polymers (cellulose, starch, chitin, proteins
and etc.) and synthetic polymers (saturated aliphatic polyesters,
polypropylene fumarate, polyanhydrides, polyorthoesters, poly-
phosphazene, their copolymers and etc.) [6–12]. Resorbable
natural polymers have attracted many attentions in the field of
tissue engineering because they are economical, readily available
and non-toxic. However, it should be noted that resorbable natural
polymers have many formulation problems such as instability and
irreproducibility [13], which limit their application. Resorbable
synthetic polymers are modified natural polymers or completely
synthesized polymers from a synthetic monomer. Resorbable
synthetic polymers have also attractedmany attentions in the field
of tissue engineering due to their advantages such as the capability
titute of Materia Medica, Chinese
to be tailored to have awide range of properties, predictable lot-to-
lot uniformity, controllable formation and mechanical properties,
and long shelf time. However, the advantages of resorbable
synthetic polymers such as chemical residues in the products and
potential toxicity limit their application in the field of tissue
engineering.

Resorbable polymers have beenwidely applied to preparemany
types of biomedical materials devices/such as sutures, drug
carriers and bone repair devices. In human body, the resorbable
polymer can be degraded into small fragments with time.
Therefore, these resorbable materials/devices are especially good
for in vivo implantation because no secondary surgery is required
and immunological reaction is minimized. The resorbable polymer
materials/devices can be almost used in every subfield of tissue
engineering such as wound closure, orthopedics, dentistry,
cardiovascular surgery, bowel surgery, urology, and nerve repair.

One of promising resorbable polymer materials/devices is
resorbable polymer nanofiber-based materials/devices, which have
high surface-to-volume ratio and oftenhave a porous structurewith
excellent pore interconnectivity. These structures are suitable for
growth and development of different types of cells, which
demonstrate their great potential for application in tissue
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



618 T. Wu et al. / Chinese Chemical Letters 31 (2020) 617–625
regeneration. Nanofibers were defined as fibers with diameters
below 1[46_TD$DIFF]mm [14,15]. Many nanofiber fabrication techniques have
been developed such as splitting of bicomponent fibers [16], melt-
blowing [17], physical drawing [18], flash-spinning [19], gel (dry-
wet) spinning [20], air jet spinning [21], phase separation [22], self-
assembling [23], solvent dispersion [24], centrifugal spinning [25],
hydrothermal [26], and electrospinning [27]. Among all these
techniques, electrospinning is the most applied method due to its
advantages such as cheap instruments, simple fabrication, low
requirements tomaterials, capability for industrialproductions [28].

Due to the huge advantages of both resorbable polymers and
electrospun nanofibers, resorbable polymer electrospun nano-
fibers (RPENs) have been widely applied in the field of tissue
engineering [29,30]. In this paper, we will mainly introduce RPENs
for tissue engineering. Firstly, the electrospinning technique and
electrospun nanofiber architectures are briefly introduced. Sec-
ondly, the application of RPENs in the field of tissue engineering is
mainly reviewed. Finally, the advantages and disadvantages of
RPENs for tissue engineering are discussed.

2. Electrospinning technique and electrospun nanofiber
architectures

The history of electrospinning can be traced back to seventeen
century. William Gilbert described the deformation and ejection of
a liquid droplet when a piece of electrically charged amber was
approaching near the liquid droplet [31]. In 1887, Charles Vernon
Boys constructed an electrospinning apparatus comprised of “a
small dish, insulated and connected with an electrical machine”
[32]. He discovered that fibers could be drawn from a variety of
liquid materials (beeswax, shellac, gutta-percha, sealing-wax and
collodion) on the edge of the dish. The electrospinning processwas
firstly patented by John Francis Cooley in 1900 [33] and 1902 [34],
and by William James Morton in 1902 [35]. Significant develop-
ment of electrospinning started by Anton Formhals, who applied at
least 22 patents on electrospinning technique from 1930 to 1944
[36–38]. To better understand the theoretical underpinning of
electrospinning, Sir Geoffrey Ingram Taylor developed a mathe-
matical model to analyze the shape of the deformation cone that
was formed by the liquid droplet under an applied electric field
[39]. The deformation cone was lately known as Taylor cone. With
the development of nanotechnology, in the early 1990s some
research groups reported that a number of organic polymers can be
electrospun into nanofibers [40–42]. Especially, D.H. Reneker
popularized the name of electrospinning [42,43]. Since 1995, the
theoretical and application researches of electrospinning have
been increasing exponentially every year [38,44,45].

In a typical electrospinning process [46], a sufficiently high
voltage is generally applied to a liquid droplet of polymer solutions
or polymermelts, and then the droplet is stretched to form a Taylor
cone and a stable liquid jet is ejected from the cone tip because the
electrostatic repulsion overcomes the surface tension. Nanofibers
are formed when the solvent evaporates or the melt solidifies
during the liquid jet travels through the air, and are collected on an
electrically grounded target to form electrospun nanofibrous
membranes (ENMs) [47]. During the travels, the molecules in
the fibers are highly stretched and form high orientation along the
fiber axis, which have been prove recently by polarized FT-IR
spectroscopy and polarized Raman spectroscopy [48–50]. The high
molecular orientation also provides the excellent mechanical
performance of electrospun nanofibers [51,52].

The standard laboratory setup of electrospinning technique
generally consists of three major modules (Fig. S1 in Supporting
information): (i) a spinneret modulewhich is typically consisted of
a syringe loaded into a syringe pump. The syringe pump is
comprised of a motor control system and a syringe pump control;
(ii) a high voltage power generator; and (iii) an electrically
grounded target/collector such as a Ti alloy stick loaded in a
constant speed electric mixer. A polymer solution or polymer melt
is put into the syringe and the liquid jet is ejected from the syringe
needle tip at a constant speed by the syringe pump [53]. A
sufficiently high voltage produced by the power generator is
connected to the syringe needle, and then a Taylor cone is formed
and a stable liquid jet is ejected from the cone tip. Nanofibers are
formed during the jet travels through the air. Finally, the grounded
target/collector collects the nanofibers to form ENMs on the
surface of the target/collector [54].

Because the production of standard laboratory setup cannot
satisfy the requirements of industrial application, many scaling-up
multiple-jet electrospinning techniques have been developed such
as multiple-needle electrospinning [55], needleless rotating
spinneret electrospinning (ball spinneret, cylinder spinneret, cone
spinneret, beaded chain spinneret, disc spinneret, spiral coil
spinneret and etc.) [56], needleless stationary spinneret electro-
spinning (magnet field-assisted electrospinning, gas-blowed
bubble electrospinning, conical wire coil spinneret electrospin-
ning, plate edge spinneret electrospinning, bowl spinneret electro-
spinning and etc.) [56]. These developments provide the scaling-up
possibility of ENM fabrication and can promote the industrial
application of electrospinning techniques and their products.

The electrospinning process and its products can be affected by
many factors [57–59]: (i) polymer properties such as polymer
species, polymer architecture [47_TD$DIFF]and molecular weight and its
distribution; (ii) solution properties such as solvent species,
polymer concentration, viscosity, conductivity, elasticity, surface
tension [48_TD$DIFF]and electric potential; (iii) spinneret shape and size such as
syringe needle gauge, disc diameter and thickness; (iv) shape and
size of the grounded collector/target such as rod, plate, disk [49_TD$DIFF]and
liquid; (v) electrospinning operational parameters such as the
distance from the spinneret to the collector/target, the operational
speed of spinneret and collector/target, syringe pump speed [50_TD$DIFF]and
electrical potential; [51_TD$DIFF](vi) ambient parameters such as air velocity in
the chamber, humidity and temperature.

The products of electrospinning techniques, ENMs, can be
classified into many types depending on different classification
methods. Based on the chemical composition, electrospun nano-
fibers can be classified into inorganic [60,61], organic [62–64],
carbonaceous [65,66], and inorganic-organic hybrid nanofibers
[67]. Based on the nanofiber shape, electrospinning nanofibers can
be classified into round nanofibers [68], beaded nanofibers [69],
porous nanofibers [70], side-by-side nanofibers [57], grooved
nanofibers [71], nanograin nanofibers [72], nanobelt nanofibers
[73], hollowed nanofibers [74,75], multichannel nanofibers [76],
bilayer core-shell nanofibers [67,77,78], trilayer core-shell nano-
fibers [79,80], and complex nanofibers such as porous core-shell
nanofibers [81] (Fig. 1). Based on the orientation of nanofibers,
ENMs can be classified into ENMs consist of random-distributed
nanofibers [82], aligned nanofibers [82,83], crimped nanofibers
[80,84] and etc. Based on the difference of the collector, the
products can be classified into plate ENMs, layer-by-layer stacked
films [85,86], electrospun nanofibrous balloon ENMs [68], electro-
spun nanofibrous bundles [87], twisted nanofibrous bundles [88]
and etc.

So far, ENMs have been extensively explored in the fields of
tissue engineering [89–95], drug delivery [96–100], energy storage
[101–106], food science [107–109], filtration [110–113], hydrogel
[114–116], sponges [117–120], sensors [121–124], wall-less reactor
[125], catalyst [126–128], responsive fibers and their actuators
[129–132], oil/water separation [133–137], superhydrophilic/
superhydrophobic membranes [138–140], reinforcements
[141,142], etc. The interested readers may consult these reviews
or articles for details.
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Fig. 1. Typical electrospun nanofiber shapes. (A) [38_TD$DIFF]Round nanofibers [68], (B) beaded nanofibers [69], (C) porous nanofibers [70], (D) side-by-side nanofibers [57], (E) grooved
nanofibers [71], (F) nanograin nanofibers [72], (G) nanobelt nanofibers [73], (H) hollowed nanofibers [74], (I) multichannel nanofibers [76], ([39_TD$DIFF]J) bilayer core-shell nanofibers
[67], (K) trilayer core-shell nanofibers [79] [40_TD$DIFF]and (L) porous core-shell nanofibers [81]. (A–I) are SEM images and (J–L) are TEM images. Reprinted with permission [57, 68–73,
81]. Copyright 2011, 2012, 2013, 2014, 2015, 2016, Elsevier Publisher. Reprinted with permission [74]. Copyright 2016, Wiley Publisher. Reprinted with permission [76].
Copyright 2015, RSC Publisher. Reprinted with permission [67,79]. Copyright 2014, 2015, ACS Publisher.
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3. Application of resorbable polymer electrospunnanofibers for
tissue engineering

Among the different fabrication techniques for scaffolds in
tissue engineering [143,144], electrospinning is given priority
because it possesses unique properties such as high surface-to-
volume ratio, porosity, stability, permeability and morphological
similarity to that of extra cellular matrix. RPENSs have beenwidely
used in every subfield of tissue engineering. In this section, the
application of RPENSs in the field of tissue engineering is reviewed
and discussed. Though many nanofiber types of electrospun
nanofibers have been developed (Fig. 1), only round nanofibers
(most of the literatures in below section) and core-shell nanofibers
[145–149] have been applied in tissue engineering until now.

3.1. Bone tissue engineering

Bone is an essential supportive rigid organ in the human body
[150]. It serves to support and protect the various organs, to
produce blood cells, to act as mineral reservoir for calcium and
maintains acid–base balance, and to enable human mobility.
Natural bone consists of about 70[52_TD$DIFF]wt% hydroxyapatite nanocrystals
and 30[53_TD$DIFF]wt% collagen fibrils [151]. Bone defects may cause
decreased mobility, chronic pain, depression, sleep loss, and
limitation in quotidian activities [152]. Bone defect repair is a
major challenge in orthopedics, dentistry, and cranio-facial
surgery. In current clinical treatments of bone defects, autologous
bones or commercial artificial bones are implanted into the defect
sites and effective treatment efficacy is obtained. However,
autologous bones have several disadvantages including limited
autologous bone availability, the need for additional surgery, the
formation of donor site bone defects, possible blood loss and
infection, impracticability for osteoporosis patients and etc.
Commercial artificial bones also have many disadvantages
including poor biomechanical strength, low shaping ability,
excessive osteoconduction and etc. Therefore,many novel scaffolds
such as 3D printing artificial bones [153] and RPEN scaffolds
(RPENSs) have been developed for bone tissue engineering.

A large number of RPENSs have been developed for bone
regeneration by using natural and synthetic resorbable polymers
such as chitosan, collagen, alginate, PCL, PLA, PLGA, and their
mixtures with other substances [154,155]. Bone tissue engineering
involves scaffolds, cells and growth factors to promote the
regeneration of fractured or damaged bones with efficient
mineralization. The ideal bone repair scaffolds have suitable
mechanical properties and appropriate osteogenic differentiation
ability. Therefore, bioactive substances such as inorganics (hy-
droxyapatite and etc.) and/or growth factors (bone morphogenetic
protein-2 and etc.) have been applied to be combined with RPENSs
for bone regenerations. The application of RPENSs for bone tissue
engineering can be classified into three types: (i) Bioactive
substances are loaded into the nanofibers. Generally, bioactive
substances are mixed with polymers and then the mixed polymer
solution is applied for the electrospinning process. The bioactive
substances are uniformly distributed into the nanofibers. The
bioactive substances can be gradually delivered at the implanta-
tion sites in the human body with the degradation of RPENSs. It is
especially useful for the long-term treatment of bone injury. This is
the most explored way to fabricate biomaterials for bone tissue
engineering. Typical examples include hydroxyapatite-blended
chitosan RPENSs [156], hydroxyapatite-blended collagen RPENSs
[157], hydroxyapatite-blended gelatin RPENSs [158], hydroxyapa-
tite-blended poly(lactic acid) RPENSs [159]. For the bioactive
substance, nanoparticle encapsulation prior to the electrospinning
processs is an efficient way to increase their stability. (ii) Bioactive
substances are immobilized onto the nanofibers. RPENSs are firstly
fabricated by the electrospinning process and then the bioactive
substances are immobilized onto the RPENSs [160]. Ngiam [54_TD$DIFF]et al.
[161] prepared nano-hydroxyapatite on PLGA and PLGA/collagen
nanofibers by a chemical deposition method. The fabricated
RPENSs had a positive modulation on early osteoblast capture on
the scaffolds. Cho [54_TD$DIFF]et al. [162] prepared BMP-2 immobilized PLLA
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RPENSs inspired by polydopamine for bone regeneration. BMP-2 is
immobilized on PLLA RPENSs by polydopamine-mediated chemi-
cal modification. (iii) The bioactive substances are encapsulated
into nano- and micro-materials prior to scaffolds fabrication. The
encapsulation can increase the stability of the bioactive sub-
stances. Li [54_TD$DIFF]et al. [163] prepared BMP-2-cencapsulated bovine
serum albumin nanoparticles, and then themixture solution of the
nanoparticles, dexamethasone, and polymers was applied to
prepare RPENSs for bone repair. Ding [54_TD$DIFF]et al. [163] developed a
RPENS-microbeads alternatingmultilayer scaffolds for bone repair.
Stem cells and BMP2 are simultaneously loaded into the microbe-
ads. The composite scaffold showed an outstanding osteogenic
effect in vitro and in vivo. (iii) Bioactive substances are encapsulat-
ed by RPENSs. RPENs are fabricated into a balloon shape and the
bioactive substances are encapsulated into the balloon-shape
RPENs. Sun [54_TD$DIFF]et al. [68] designed a balloon-shape P(DLLA-CL) RPENS
for the treatment of vertebral compression fractures (Fig. 2). The
RPENSs can be inflated by injecting calcium phosphate cement to
restore the height of fractured vertebral body. Moreover, the
shortcomings of calcium phosphate cement such as water-induced
collapsibility and cement leakage could be prevented. Further-
more, their team comprehensively compared the in vitro and in
vivo behaviors of the balloon-shape RPENS for the treatment of
vertebral compression fractures [164]. The balloon-shape RPENS
could satisfy the clinical needs and had good biodegradability and
bioavailability. These researches showed the RPENS had a
promising potential for the clinical application for the treatment
of vertebral compression fractures.

3.2. Cartilage tissue engineering

Cartilage is a resilient and smooth elastic tissue. It includes a
rubber-like padding that covers and protects the ends of long
bones at the joints, a structural component of the nose, the
bronchial tubes, the rib cage, the ear, the intervertebral discs and
etc. Cartilage tissue has a limited capacity for spontaneous repair
potential because of its avascular nature, insufficient number of
chondrocytes and low mitotic activity [165]. Therefore, tissue
engineering offers a promising alternative material for the
treatment of the injured cartilage. The treatment also required a
high standard to the applied biomaterials.

Until now, some research works have focused on the develop-
ment of 2 [55_TD$DIFF]DRPENSs for the restoration of injured cartilages. Shafiee [54_TD$DIFF]
et al. [166] developed poly(vinyl alcohol)/polycaprolactone (PVA/
PCL) nanofibrous scaffolds seeded with rabbit bone marrow-
mesenchymal stem cell (BM-MSC) for cartilage tissue engineering.
[(Fig._2)TD$FIG]

Fig. 2. Balloon-shape P(DLLA-CL) RPENS for the treatment of vertebral compression fract
themechanical properties of naural bones, natural bones with CPC injection, natural bon
The right image showed the burst pressure measurements of RPENS. Reprinted with p
The in vitro and in vivo behaviors were comprehensively assessed.
The animal studies showed the RPENS had improved healing
ability compared with untreated control. It suggested the RPENS
could serve as a suitable scaffold for cartilage regeneration.
Articular cartilage has a complex structure, which increases the
difficulty of cartilage repair. McCullen [54_TD$DIFF]et al. [167] fabricated
trilaminar composite electrospun scaffolds to mimic the structural
organization and mechanical properties of cartilage’s collagen
fibrillar network. The results demonstrated that the scaffolds had
in vitro cartilage formation ability and superior mechanical
properties to homogenous scaffolds. Nanofibrous membranes
generally exhibit a relatively small pore size and require
techniques such as multilayering or the inclusion of sacrificial
fibers to enhance cellular infiltration. Garrigues [54_TD$DIFF]et al. [168]
compared multilayer to single-layer electrospun poly(e-caprolac-
tone) (PCL) scaffolds for cartilage tissue engineering and studied
the effect of the incorporation of cartilage-derived matrix into the
PCL fibers on chondrogenesis by human adipose-derived stem cells
(hASCs). The results demonstrated that multilayer electrospun
scaffolds could enhance homogeneous cell seeding and the
inclusion of cartilage-derived matrix could stimulate chondro-
genesis-related bioactivity. To study the effect of combining
collagen and electrospun nanofibers on osteochondral regenera-
tion, Zhang [54_TD$DIFF]et al. [169] studied the combination of collagen and
electrospun poly-[56_TD$DIFF]L-lactic acid nanofibers synergistically promotes
osteochondral regeneration. Compared with collagen scaffold, the
collagen-nanofiber scaffold showed fast subchondral bone emer-
gence and better cartilage formation. The immobilization of
bioactive substances onto nanofiber surface is a promisingmethod
to increase the ability of cartilage formation. Piai [54_TD$DIFF]et al. [170]
developed a chemical immobilization method of chondroitin
sulfate at the surface of nanofiber. The immobilized scaffolds
showed lower roughness, higher hydrophilicity, and a highly
effective ability for human articular chondrocytes phenotypic
stability.

3.3. Neural tissue engineering

Common 2D electrospun nanofibrous membrane is not enough
tomimic the 3D structure of cartilage. Several works have explored
the possibility of 3D complex scaffolds for cartilage repair. Zheng [57_TD$DIFF]

et al. [171] fabricated different 3 [58_TD$DIFF]D shapes of electrospun gelatin/
polycaprolactone scaffolds and studied the in vivo behaviors for
cartilage formation. Different 3 [58_TD$DIFF]D shaped scaffolds showed differ-
ent in vivo behaviors. Moreover, the results demonstrated high PCL
content was unfavourable for 3[58_TD$DIFF]D cartilage regeneration. Chen [59_TD$DIFF]et al.
ures. The left images showed themoulds and the RPENSs. Themiddle image showed
es with PMMA injection, and natural bones with balloon insertion and CPC injection.
ermission [68]. Copyright [41_TD$DIFF]2013, Elsevier Publisher.
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[172] developed a 3D porous scaffolds with or without cross-
linking by hyaluronic acid based on electrospun gelatin/PLA
nanofibers (Fig. 3). The 3D scaffold with cross-linking could
enhance cartilage repair and might be a promising scaffold for
cartilage tissue regeneration.

Neural degeneration is a prevalent burden on the healthcare
system in the world. Although various cell therapies and implants
have been explored, nerve damage repair is still a challenging
problem in this field [173]. Autograft implantation, as a gold
standard, is limited by insufficient donor nerves from patients,
surgery of the donor site, and possible functional impairment of
the donor site. Neuroprosthetic devices implantation is limited by
the presence of increased scarring and fibrosis, and insufficient
nerve growth ability. Therefore, neural tissue engineering such as
the application of RPENSs provides a promising way to improve
nerve regeneration for nerve damage repair.

Both chemical and topographical factors of tissue engineering
scaffolds are pivotal for nerve growth and regeneration. Some
works focused on the loading of bioactive substances into
electrospun nanofibrous scaffolds [174,175] or on the application
of aligned nanofibrous scaffolds [145,176]. Recently, many works
have started to focus on the development of scaffolds with both
topographical effect and chemical factor (bioactive substances).
Prabhakaran [54_TD$DIFF]et al. [177] prepared aligned nanofibers of poly(3-
hydroxybutyrate- [60_TD$DIFF]co-3-hydroxyvalerate) (PHBV) and composite
PHBV/collagen nanofibers. The aligned scaffold had higher nerve
cell proliferation ability than random scaffold. Moreover, it
elongated cell morphology with bi-polar neurite extensions,
which are required for nerve regeneration. This work proved the
aligned PHBV/collagen nanofibers are promising substrates for
nerve repair. Hu [54_TD$DIFF]et al. [178] prepared nerve growth factor/bovine
serum albumin encapsulated aligned PCL nanofiber and studied its
potential for nerve tissue engineering. The results showed the
scaffold increased the length of neurites and directed neurites
extension along the nanofiber axis. The results proved the aligned
composite scaffold had a potential for nerve growth and
regeneration. Zhu [54_TD$DIFF]et al. [179] used electrospinning and electro-
spraying technqiues to fabricate a novel nerve tissue engineered
scaffold, which consisted of highly aligned PCL microfibrous
framework and bioactive substance-embedded PLGA core-shell
nanospheres (Fig. 4). The scaffold could increase the length of
neurites and direct neurites growth along the fiber axis in the cell
[(Fig._3)TD$FIG]

Fig. 3. Schematic of 3D scaffolds preparation based on electrospun nanofibrous scaffold
American Chemical Society.
culture experiments of PC-12 and astrocyte cell lines. It suggested
that the composite scaffold is an attractive way for guiding neural
tissue growth and regeneration.

Sometimes, resorbable polymers are difficult to be electrospun
into nanofibers. In these types of cases, researchers can modify
these polymers with an electrospinning agent. Poly(glycerol
sebacate) (PGS) is a resorbable polymer and is difficult to be
electrospun into nanofiber. Hu [54_TD$DIFF]et al. [180] synthesized PGS-based
copolymers with methyl methacrylate (MMA, an electrospinning
agent) and then prepared PGS-PMMA RPENS. Blending gelatin into
the PGS-PMMA RPENS showed good nerve regeneration potential.
It provided a promisingway to prepare electrospun scaffolds based
on some special resorbable polymers that are difficult to be
electrospun into nanofibers.

Electroactive biomaterials are an attractive substrate to provide
electrical stimulation for nerve growth and regeneration. Zhang [54_TD$DIFF]

et al. [146] developed aligned core-sheath nanofibers with
electrical conductivity and studied the synergistic effect of
electrical stimulation and nerve growth factor on neuron growth.

The release of nerve growth factor could be increased by
electrical stimulation. Moreover, the composite scaffolds under
electrical stimulation could support PC12 neurite outgrowth and
increase the percentage of neurite-bearing cells and the median
neurite length. This suggested a promising way for nerve growth
and regeneration.
3.4. Vascular tissue engineering

Cardiovascular diseases (atherosclerosis, coronary arterial
restenosis and etc.) are major cause of morbidity and mortality
in the world. Currently, autologous vascular grafts are mainly used
in clinics, which are limited by possible thrombosis, limited
sources, and the need for a second surgical procedure [181].
Artificial grafts such as polytetrafluoroethylene andDacron1 have
also been applied in the clinical treatment of vascular disease.
However, they are not ideal for the treatment of small-diameter
blood vessel disease (< 5 [61_TD$DIFF]mm) [182]. Small-diameter blood vessel
substitutes are a requisite for the replacement of coronary blood
vessel. Electrospun scaffold-based vascular grafts have showed a
promising possibility to meet the replacement requirements of
small-diameter blood vessel [183].
s for cartilage tissue engineering. Reprinted with permission [[42_TD$DIFF]172]. Copyright 2014,
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Fig. 4. (A) Schematic of the key components of an ideal neural scaffold. (B)
Schematic of electrospinning setup for aligned microfiberous membrane prepara-
tion. (C) Schematic of electrospinning setup for random microfiberous membrane
preparation. (D) Schematic of coaxial electrospaying setup for PLGA microsphers
into PCL electrospun scaffolds. Reprinted with permission [179]. Copyright 2013,
Elsevier Publisher.
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The loading of bioactive substances in electrospun scaffolds is
an attractiveway for vascular tissue engineering. The loading ways
can be classified into three types of methods: physical blending,
chemical modification, core-shell fabrication and etc. Jia [54_TD$DIFF]et al. [184]
developed four different kinds of native proteins (collagen, gelatin,
fibrinogen, and bovine serum albumin)-loaded polyurethane
RPENSs and studied cell proliferation of smooth muscle cells on
the scaffolds. The results suggested collagen and gelatin were
promising proteins to fabricate electrospun nanofiber-based
scaffolds for vascular tissue regeneration. Zhu [54_TD$DIFF]et al. [185] prepared
poly(ester-urethane) urea electrospun scaffolds and then the
nanofiber surface was modified a arginine-glycine-aspartic (RGD)
peptide. The prepared composite scaffold had a good potential
application for vascular tissue engineering. Merkle [54_TD$DIFF]et al. [147] used
coaxial electrospinning technique to fabricate core-shell polyvinyl
alcohol (PVA)/gelatin electrospun nanofibrous scaffolds. These
scaffolds provided mechanical strength and biological properties
facilitating the cell proliferation experiments of human umbilical
vein endothelial cells and rat smoothmuscle cells. Endothelial cells
favored core-shell scaffolds, whereas smooth muscle cells favored
pure gelatin scaffolds. These works could provide useful informa-
tion for the development of electrospun scaffolds for vascular
tissue engineering applications.

Topographical factor of tissue engineering scaffolds has also
been considered for vascular tissue engineering. Zhong [54_TD$DIFF]et al. [82]
developed aligned PLGA/PCL scaffolds and studied cell prolifera-
tion of smooth muscle cells on the scaffolds (Fig. S2 in Supporting
information). Compared with random scaffolds, aligned scaffolds
could maintain cell shapes of the cells. This work suggested the
aligned scaffolds could be a promising candidate for vascular tissue
regeneration. Similar works have also published and proved
aligned scaffolds showed obvious advantages for vascular tissue
regeneration [186,187].

Cell incorporationintotheelectrospunscaffoldhasbeenexplored
for vascular tissue regeneration. Rayatpisheh [54_TD$DIFF]et al. [188] combined
cell sheet technology and electrospinning technology to fabricate
circumferentially aligned tubular constructs of human aortic
smooth muscle cells for vascular tissue engineering. This method
improved cell sheet handling, results in rapid circumferential
alignment of cells and introduction of an analogue to small-
diameter blood vessel’s internal elastic lamina. The engineered
bloodvesselmediawere structurallymore close to thenative vessel
thanpreviousworkdue toperthepresenceof internalelastic lamina
and showed a promising way for vascular tissue engineering.

3.5. Skin tissue engineering

Skin is the largest organ of vertebrates and is the first defense
organ against insult from the environment. It protects vertebrates
from mechanical injury, chemical hazards, and bacterial invasion.
When an injury damages the skin’s protective barriers, the body
triggers a response called wound healing. Skin defects and necrosis
can result from burns, tissue trauma, ultraviolet radiation, and
chemical damage. Over 6 million patients suffer from severe burns
and 3 hundred of thousand patients die every year in the world.
Therefore, skin defect repair is an important clinical problem. The
conventional treatments for skin defect repair include autografts,
allografts, andxenografts [189,190].Autograftshaveahigher success
rate but are limited by the autograft supply and possible donor site
morbidity.Allograftsandxenograftscanbeabundantlyobtained,but
are limited by high risk of immune rejection and disease transmis-
sion. To resolve these problems, artificial tissue engineering skin
substitutes have been developed such as Integra, alloderm, apligraf,
and epicel and have been applied in clinics. Their major limitations
include high cost and low mechanical strength [191,192].

Ideal treatment biomaterials for skin regeneration should
protect wounds from infections and fluid loss, should be stable
until the natural extracellular matrix and the new skin are re-
established, should have enough cellular and acellular components
for vascularization and re-epitheliazation. Electrospun scaffolds
can easily load angiogenic and/or vasculogenic factors, epidermal
factors and molecules with anti-inflammatory and antimicrobial
properties [148,193–195]. Moreover, they can support the adhe-
sion and spread of fibroblasts and keratinocytes [196]. They also
can support growth and differentiation of mesenchymal stem cell
into epidermal lineage [197]. Therefore, electrospun scaffolds have
been widely studied for the treatment of skin defect repair.

Many natural and synthetic polymers have been developed as
the matrix biomaterials for wound healing [198]. Typical applica-
tionpolymers include zein [199], hydroxyl derivatives of carboxylic
acids [200], poly(lactic acid- [62_TD$DIFF]co-glycolic acid) [189] and etc.
Furthermore, their mixtures such as poly(caprolactone)/cellulose
acetate [201], polyurethane/cellulose acetate/zein [202], poly
(lactic acid)/polycaprolactone/cellulose acetate [203].
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Some works focused on the development of RPENSs to increase
cell growth and proliferation for wound healing. These types of
works generally added some substances that can increase cell
growth and proliferation into the RPENSs. Typical substances
include plant extracts [204], dextran [201], gelatin [205], chitosan
[206], gum tragacanth [207] and etc.

Many works focused on the loading of antibacterial substances
into the RPENSs. The loading can be classified into two kinds of
methods: surface immobilization onto the nanofibers and
blending into the nanofibers. GhavamiNejad [54_TD$DIFF]et al. [208] developed
mussel-inspired electrospun scaffolds functionalized with size-
controlled silver nanoparticles forwound dressing application. The
size and amount of silver nanoparticles on the surface of
nanofibers could be controlled with the minimum degree of
aggregation. The electrospun scaffolds have controlled silver
release and antibacterial activity. Furthermore, the rat skin repair
experiments (Fig. S3 in Supporting information) showed Ag
nanoparticles-immobilized RPENS had the best treatment effi-
ciency compared with controls. Therefore, they showed great
potential for skin wound healing. A majority of works mixed
antibacterial drug with polymers and then prepared antibacterial
drug-loaded RPENSs for wound healing application. The anti-
bacterials drugs are distributed into the nanofibers and onto the
nanofibers. Typical examples include silver nanoparticles [199],
tetracycline hydrochloride drug [201], These scaffolds showed
good cell cytocompatibility and good antibacterial performance.
Therefore, they have good potential for biomaterial development
of wound healing.

4. Summary and outlook

Electrospinning technique is a simple and efficient technique
for preparing nanometer polymer scaffolds. The application of
electrospun nanofibrous scaffolds has attracted more and more
attention in the field of tissue engineering. Besides the main
application fields described in the above section 3, electrospun
nanofibrous scaffolds have also been explored for skeletal muscle
repair [149], corneal repair [209], hernia repair [210], intestinal
repair [211] and etc.

RPENs havemany advantages for their application in the field of
tissue engineering. (i) high surface-to-volume ratios, (ii) easy
fabrication and functionalization, (iii) low cost, (iv) controllability
of nanofiber properties, (v) excellent biocompatibility and
biodegradability. It should be noted there are still some short-
comings of RPENs for the application in the field of tissue
engineering. (i) The pore size of electrospun nanofibrous scaffolds
is too small, which is not enough for cell infiltration growth. (ii) The
mechanical properties of electrospun nanofibrous scaffolds are
generally not ideal for hard tissue regeneration. Necessary
consideration or treatments are needed for the applicationprocess.
(iii) In vivo degradation performance of electrospun nanofibrous
scaffolds is difficult to control. Further researches are needed to
overcome these shortcomings. Shape and micro/nanomorpholo-
gies of electrospun nanofibers might play important roles of the
electrospun scaffolds in their application. Therefore, it is necessary
to characterize the shapes and the surface morphologies of
electrospun nanofibers using some important nanocharacteriza-
tion technologies such as atomic force microscopy [212–214].
Furthermore, it will be beneficial for the development of RPENs in
the field of tissue engineering to synthesize novel resorbable
polymers [215,216].
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