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Electrospinning  provides  a versatile  technique  for  the  preparation  of matrices  with  micro/nanoscopic
fibers.  The  non-woven  polymer  materials  produced  by  electrospinning  have  an  extremely  high  surface-
to-volume  ratio,  a  complex  porous  structure  with  excellent  pore-interconnectivity,  and  diverse  fibrous
morphologies.  These  remarkable  features  impart  a wide  range  of  desirable  properties  to  electrospun
matrices  for  meeting  the  requirements  of advanced  biomedical  applications,  such  as pharmaceutical
repositories,  tissue  engineering  scaffolds,  wound  healing,  sensors,  reinforcement,  sound  absorption,  and
filtration. This review  presents  a comprehensive  overview  of  the  recent  progress  and  potential  develop-
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ments  of electrospun  polymer  matrices  and  their  application  as biomaterials.
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. Introduction

Electrospinning provides a facile and straightforward approach
o generate micro/nanofiber mats in a continuous process, where
he fiber diameter is adjusted from nanometers to microns [1].

ore than 75 different types of synthetic and natural organic
olymers have already been electrospun to fibers successfully
Table 1) [2–4], while morphologies of these electrospun fibers can
e well-regulated by the parameters listed in Table 2. Numerous
xperimental studies were reported including the electrospinning
echanism [5,6], electrospinning conditions [7], and character-

stics of micro/nanofiber membranes [8,9], as shown in Fig. 1.
eantime, these timely publications inspired various fibrous mor-

hologies through modification of the setup for electrospinning,
ncluding core−shell [10,11], hollow [12,13], side-by-side [14],

ultilayer [15], twisted [16,17], and porous-surface structures
18,19], resulting in the electrospun mats with desirable physic-
chemical properties for diverse applications.

Compared with other morphologies, electrospun matrices com-
rised of micro/nanofibers have an extremely high specific surface
rea that can interact with cells [20,21], being ideal for cell adhesion
nd proliferation. Additionally, depending on the entanglement
f these micro/nanofibers, the electrospun membranes possess

 highly porous three-dimensional (3D) network with excellent
ore interconnection [22,23]. These mats can imitate the diver-
ified extracellular matrix (ECM) well with regard to texture and
ompositions (dependent on the choice of materials taken), to be
xcellent candidates for use in tissue engineering. Last but not least,
he electrospun polymer chains are always aligned along the fiber
xis due to experiencing a rapid stretching force. As a result, some
istinct performance differences are present among the various
hain orientations of the electrospun fibers, especially the thermal
ehavior and physical-mechanical properties [24]. As the unique
eatures of electrospinning have already been reviewed in many
ublications, the primary objective of this review will concentrate

2. Biomedical applications of electrospun matrices

2.1. Pharmaceutical repositories

Various genes and proteins have been loaded into the elec-
trospun scaffolds mainly through the following four techniques
as summarized. The easiest method to load therapeutic agents
is dipping the electrospun scaffolds into a biomolecules aqueous
phase, where the biomolecules can be closely attached to the scaf-
folds through electrostatic forces [26]. The second method involves
mixing the biomolecules with the polymer solution. Different
from the superficial physical adsorption, this blend electrospin-
ning can localize biomolecules within the fibers to guarantee a
more sustained release profile [27]. However, the agents locate
entirely inside the fibers or randomly on/near the fiber surface.
Coaxial electrospinning and emulsion electrospinning are other
promising ways to produce core − shell fibers for preserving the
activities of proteins well [27]. Through these methods, most of
the biomolecules can be fully encapsulated within the inner core
of the fibers. More importantly, the core−shell nanofibers were
reported to afford a typical biphasic drug release profile, which
was consisted of an immediate and a sustained release [28,29]. By
adjusting the shell flowing rate, amount of the drug released in the
first phase could be precisely tailored, while the remaining drug
was released based on a diffusion mechanism [30]. The fourth fab-
rication method is to realize the immobilization of biomolecules
within the fibers, where the corresponding release rate is gener-
ally determined by external enzymes [31]. Due to the complexity
of immobilizing agents on the fiber surface, this approach is not a
typical technique employed for drug delivery.

Electrospun matrices exhibit many advantages as a potential
delivery vector of drugs, DNA, and bioactive proteins [33]. First,
the mild electrospinning process dependent on the applied voltage
has little influence on the activity of therapeutic agents. More-
over, the release performance can be finely-tuned by modulating
n the most recent progress of the electrospun polymer biomate-
ials, including different structures, remarkable characterizations,
tandard applications, and potential developments. Fig. 2 displays
he major biomedical applications of electrospun fibers.
fiber porosity, morphology, and composition. Last but not least,
the high specific surface area, as well as the highly porous struc-
ture, makes the carrier system more efficient in medical therapy
[34].
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Table  1
Electrospun polymers in solution form.

No. Polymer Solvent Concentration Perspective applications References

1

Polyamide (PA) HFIP:N,N-dimethylformamide
(DMF)

10 wt%  Fibers [259–261]

nylon-4,6 (PA-4,6) HFIP 10 wt%  Transparent composite [216,262]
PA-6,6 Formic acid 15 wt% Nanocomposite bundle [263]
PA-6,6/Chitosan HFIP:Acetic acid (AA) 20 wt%  Tissue engineering [264]
PA-6/Poly(m-phenylene
isophthalamide) (PMIA)

Formic acid 7.5 wt% Glass fiber, Filter media [265]

2
PAA/PM DMF  26 wt% Optical sensor [266]
PAA/Poly(allylamine
hydrochloride) (PAH)

Ethanol:Water 10.3 wt% Tissue engineering membrane [267]

3
Polyacrylamide (PAAM) Water 0.5–1 mg/mL  Mass spectroscope,

Modification of surface, Surface
coating

[268]

PAAM/Chitosan AA 14 wt% Air and water filtration [269]

4
Polyacrylonitrile (PAN)

DMF
12 wt% Adsorbent [270,271]

PAN/Gold 10 wt%  Biofuel cell [272]
PAN/MWCNTs 8 wt% Electronic packaging [273]

5

PANI/PEG Chloroform (CF) 2 wt% NH3 sensor [274]
PANI/Polystyrene (PS) Azobenzene sulfonic acid:DMF 3.72 wt%  Antistatic coating [274]
PANI/CNT/PEG CF 0.67 wt% Supercapacitor electrode [275]
PANI/Poly(3-hydroxybutirrate)
(PHB)

2,2,2-trifluoroethanol (TFE) 5 wt%  Conductive sensor [276]

PANI/PLA/Silica CF 50 wt%  Stem cell-based tissue
engineering

[277]

6
Polybenzimidazole (PBI) N,N-

dimethylacetamide
(DMAc)

12–14% (W/V) Protective clothing nanofiber
reinforced composite

[278]

PBI/Polybenzoxazine (PBz) 25 wt% Proton exchange membranes
for high-temperature fuel cell

[279,280]

PBI/MWCNTs 15–20 wt% Heat dissipation [281]
7  Polycarbonate (PC) DMF:Tetrahydrofuran (THF),

DMF
10 wt%, 20 wt% Sensor, Electret filter [282,283]

8
PCL  DMF, THF:DMF 15 wt% Biomimetic composite scaffold [284,285]
PCL/Gelatin THF 6 wt%  Anti-infective tissue

regeneration membrane
[35]

PCL/PVP-b-PCL THF:DMF 11–15 wt%  Nanofiber scaffold [286]

9

Poly(ethylene gricol) (PEG) DMF:Acetone (ACE) 50% (W/V) Wound healing, Tissue
engineering

[287–289]

PEG  CF,
Distilled water:CF:ACE

9 wt% Flexible light-emitting sheet [290–292]

PEG/Silk Silk aqueous solutions,
Hydrochloric acid (pH 2.0)

6–8% (W/V) Sutureless dural substitute [293]

PEG/Cellulose CF:Methanol 9–11 wt% Food-packaging material [287,291]
10  Poly(ether imide) (PEI) HFIP, DMAc:NMP,

Ethanol:Formic acid,
Trichloroethylene (TCE)

10 wt%, 25 wt%,
14 wt%

Flat ribbon [294,295]

11  Poly(ethylene terephthalate) (PET) DCM:Trifluoracetic (TFA) 4 wt%,
12–18 wt%

Separator in lithium ion battery [296]

12

Poly(ethylene-co-vinyl acetate)
(PEVA)

CF 14% (W/V) Delivery matrix [297,298]

PEVA/PLA CF 14% (W/V) Delivery matrix [299]
PEVA/PCL CF:Methanol 12% (W/V) Drug delivery system [300]

30  wt%  Nanofiber [301]
13  Poly(ferrocenyl dimethylsilane)

(PFDMS)
THF:DMF 30 wt%  Nanofiber [301]

14

PLA  CF, CF:DMF 14% (W/V) Drug delivery system [302–304]
PLA/PHB CF:DMF 8 wt% Agricultural mulch films, Films

for food packaging
[305]

PLA/MWCNTs DCM:DMF,
CF

10% (W/V),
6 wt%

Bone tissue engineering,
Chemo- and photothermal
therapy

[306,307]

PLA/Cellulose nanocrystals (CNCs) CF:DMF 15 wt% Biomedical [308]
PLA-PCL-Collagen HFIP 6% (W/V) Tissue engineering [309]

15 wt% Scaffold for tissue engineering [310,311]

15
PLGA  THF:DMF 15 wt% Scaffold for tissue engineering [310,311]
PLGA/Chitosan (CS) THF 24% (W/V) Scaffold for tissue engineering [312]

16
Poly(methyl methacrylate)
(PMMA)

DMAc:ACE,
DMAc,
DMF:THF

12 wt%, 3 wt% HIV diagnosis, Biochemical
separation

[313–315]

PMMA/Tetrahydroperf-
luorooctylacrylate
(TAN)

DMF:Toluene 10 wt%  Scaffold for tissue engineering,
Semi-permeable membrane,
Filter

[316]

PMMA/PEG DMF,
DMF:BC

25 wt% Biomedical [317]

17  Poly(meta-phenylene
isophthalamide) (PMIA)

DMAc 12.6 wt%  Thermal storage and release [318,319]
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Table  1 (Continued)

No. Polymer Solvent Concentration Perspective applications References

18
Poly(2-hydroxyethyl methacrylate)
(PHEMA)

CF:DMF,
DMF

10 wt% Non-invasive biomedical study,
Tissue engineering scaffold

[320,321]

PHEMA/HA DMF  4 wt% Drug delivery, Tissue
engineering

[322]

19
PS  ACE:DMF,

CF,
THF

10 wt%,
8–15%
(W/V),
25 wt%

Tissue engineering,
Filtration,
Sensor,
Storage

[323–326]

PS/Dopants DMF  3 wt% Dopants Catalysis, Fluidic gas storage,
Sensing

[326]

20
PU  THF:DMF 13 wt%  Outdoor sportswear fabric [327]
PU/Cellulose acetate phthalate
(CAP)

THF:DMF 14% (W/V) Electret filter,
Drug delivery

[328]

21

PVA  Distilled water 4–10 wt% Toughened structural material [329,330]
PVA/Silica Distilled water 10 wt% Onlinear optical material,

Contact lenses
[331]

PVA/Chitosan Distilled water 9 wt% Nanofiber membrane [332]
PVA/Cyclodextrin Distilled water 7.5% (W/V) Filtration, Tissue engineering,

Drug delivery
[333]

22  Poly(vinyl carbazole) (PVCz) DCM,
CF

7.5 wt% Sensor,
Filter,
Photoconductor,
Charge transfer complex,
Electroluminescent device,
Photorefractive application

[334]

23
Polyvinylchloride (PVC) DMF: DMAc,

THF:DMF
10–15 wt%  Self-cleaning and anti-icing

material, Textiles and
composite reinforcement

[335,336]

PVC/Fe3O4 THF:DMF 0.17 g/mL Microwave absorption [337]

24

PVP  THF 20% (W/V),
60% (W/V)

Antimicrobial agent [338]

PVP/Tetraethyl orthosixicate
(TEOS)

DMF,
Ethanol

0.5 g/mL,
0.82 g/mL

Bone repairing, Biomedical
material

[339,340]

PVP/Nafion 1-propanol:Water 8 wt% CO2 transport membrane [341]
PVP/Curcumin (CUR) Acetic ether 0.1 g/mL Drug release, Anticancer [342]
PVP/Au Water:Ethanol 13 wt%  Stretchable conductor [130]
PVP/Ag Ethanol 18% (W/V) Organic optoelectronic

application,
Fluorescent clothing,
Counterfeiting label

[343]

25  Poly(vinylidene fluoride) (PVDF),
PVDF/CNTs

DMF:DMAc 20 wt%,
18 wt%

Flat ribbons,
Sound absorber, Water
filtration membrane

[234,344,345]

26
CA  CF:Methanol 55 wt%,

30 wt%
Membrane [346]

CA/Chitin nanocrystals (ChNC) ACE 5 wt% Water filtration membrane [245]
CA/Ag Dimethylsulfoxide (DMSO):CP 12 wt%  Membrane [347]

27
Collagen HFIP 8% (W/V) Scaffold for bone tissue

engineering
[70,348]

Collagen/SDF1�  HFIP 20% (W/V) Guided nerve regeneration [349]

28
Silk/PVA Silk solution 5% (W/V) Cosmetic,

Fragrance utility
[350]

Silk/Gold Formic acid 31 wt% Bone tissue engineering,
Nerve conduit

[351,352]

Tussah silk
fibroin/Silk/Hydroxyapatite (HAP)

Aqueous lithium thiocyanate 10 wt% Bone tissue engineering [352]

2
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29
Poly(ethylene-co-vinyl  alcohol)
(PEVAL)

2-propanol,
Alcohol:Water

PEVAL/Polypropylene (PP)/CNCs DMF  

.1.1. Drug-loaded carriers for medical therapy
Drug-containing electrospun fiber mat  has gained widespread

nterests in diverse biomedical applications, including the wound
ressing, tissue remolding, and prevention of the anaerobic bac-
eria colonization [35]. Compared with the low efficiency of drug
elivery via microspheres, hydrogels, and micelle systems, fibrous
arriers are more promising because of their relative ease of use
nd adaptability. However, there are still some challenges that
esearchers must face, especially for the burst release of drugs

rom the sample surface during the first 10–12 h. In order to avoid
his phenomenon, researchers should study the reason of such
urst release and how try to achieve a constant drug release pro-
le.
10% (W/V) Tissue engineering,
Wound healing

[353–355]

5 wt% CNCs Compatibilizer [356]

If the drug could not dissolve entirely in the polymer solution,
it would only be dispersed or located near the fiber surfaces. As
a result, a rapid diffusion into the media was  exhibited. By this
typical diffusion-controlled release mechanism, the burst release
effect can be weakened by using drugs that are compatible with
the polymer matrix, in which the drug release with nearly zero-
order kinetics occurs due to the degradation of the polymer fibers
under the effect of proteinase K [36,37]. In addition, the vari-
ation of fiber characteristics is another approach to realize an

adjustable drug release behavior and a stable degradation profile.
For example, fibers with relatively larger diameters always exhibit
a longer period of nearly zero-order release, while a higher drug
concentration results in a more pronounced burst release after
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Table  2
Electrospinning parameters (solution, processing, and ambient) and their effects on fiber morphology.

Parameters Effects on fiber morphology References

Solution parameters
Viscosity Low-bead generation, high-increase in fiber diameter, disappearance of beads [357]
Polymer concentration Increase in fiber diameter with increase in concentration [292]
Molecular weight of polymer Reduction in the number of beads and droplets with increase in molecular weight [358]
Conductivity Decrease in fiber diameter with an increase in conductivity [359]
Surface tension No conclusive link with fiber morphology, high surface tension results in instability of jets [360]

Processing parameters
Applied voltage Decrease in fiber diameter with increase in voltage [361]
Distance between tip and
collector

Generation of beads with too small and too large distance, minimum distance required for
uniform fibers

[362]

Feed  rate/Flow rate Decrease in fiber diameter with decrease in flow rate, generation of beads with too high flow rate [363]
Collector type Influence structural morphology of electrospun fibers. A non-conductive collector creates a porous

structure with circular pores on the fiber surfaces
[364]
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Ambient parameters
Humidity High humidity results in circular pores o
Temperature Increase in temperature results in decrea

ncubation [38,39]. Fluorescent intensity revealed from the fluo-
escence microscopy (FM) and optical microscopy (OM) images
ncrease with increasing pH values, demonstrating that the loading
nd release kinetics of drugs (rhodamine 6 G, R6 G) from electro-
pun polymer fibers could be finely tailored by regulating different
H values at specific times. Such pH-responsive drug delivery sys-
em has potential applications as per the pathophysiological and
pecific needs of the disease [40].

Rather than merely varying the technological parameters of
lectrospinning, core − shell structured nanofibers using coaxial
lectrospinning have also been proposed recently for controlled
rug release. In this technique, the biomacromolecule solu-
ion formed the inner jet and then a polymer solution was
o-electrospun to form the outer jet [41]. Compared with the
ommonly-used electrospinning method, fibers fabricated from
his modified device are originated from two separate solutions.
t minimizes the interaction between the organic polymer solu-
ion and the aqueous-based biological molecules, to preserve the
ioactivity of unstable biological molecules well [42]. As shown in
ig. 3, a coaxial electrospinning approach is employed to fabricate
he core − shell poly(vinyl phenol)/poly(�-caprolactone) (PVP/PCL)
anofiber mats, where vancomycin hydrochloride (VAN) is uti-

ized as a model drug, a mixture of graphene oxide (GO) sheets
nd PVP is regarded as the core matrix and PCL as the shell
32]. A typical biphasic drug-release profile is exhibited in such

 system, and which is controlled by adjusting the GO sheet
ontent due to the molecular interactions between GO and VAN
olecules. Interestingly, the core − shell nanofiber mats possess

ifferent antimicrobial activities as revealed by an antimicrobial
est, depending on the GO content.

Up until now, integrating various antitumor drugs with dif-
erent hydrophobic/hydrophilic properties into one platform to
chieve sustained or sequential release behaviors and synergisti-
ally inhibit cancer progression remains challenging [43]. In our
ecent work, a local drug delivery system was  proposed, which
as mainly made of an emulsion electrospun polymer patch. Espe-

ially, the hydrophilic tea polyphenols (TP) and the hydrophobic
0-hydroxycamptothecin (HCPT) formed the core and shell of
he nanofibers, respectively. This class of core − shell structured
anofiber membranes exhibited a sustained and sequential release.
CPT suppressed the malignant transformation and proliferation of
epatoma, whereas TP decreased the oxygen free radical levels and

urther prevented the metastasis and invasion of tumor cells [44].

ollectively, the core − shell nanofiber mats provided a promising
pproach to generate a drug delivery system with biphasic and a
ime-programmed release behavior.
fibers [365]
fiber diameter [366]

2.1.2. Nucleic acid delivery for gene therapy
Nanofiber scaffolds have always been regarded as ideal tis-

sue constructs because their fibrous topography closely resembles
the natural ECM, which offers a 3D microenvironment to induce
physiologically-relevant cellular phenotypes. Within the past five
years, exponentially-increasing popularity toward the combination
of biomolecules and scaffolds has been observed, e.g., growth fac-
tors [45], cytokines [46], and therapeutic genes [47,48]. About the
construction of scaffolds, the structural stability as well as the bio-
chemical activity should meet some specific requirements. In detail,
the scaffolds should be able to offer a controllable and sustainable
manner for the site-specific delivery of genes. Then, biomacro-
molecules within the scaffold should be adequately protected in a
biological system until they are entirely released [49]. The scaffolds
with controlled biomolecule release not only express biological sig-
nals but can also provide physical support to enhance physiological
response or modulate tissue regeneration.

During gene delivery, the most challenging part lies in the pro-
tection of nucleic acids from extracellular or intracellular enzymes,
to successfully pass through the cell membranes and reach the
nucleus. Non-viral or viral vectors are good candidates for tar-
geted and continuous delivery of genes, where the nucleic acids
are always incorporated in the vectors and then integrated with the
electrospun fibers. For example, scaffolds loaded with keratinocyte
growth factor (KGF) were once implanted into a full-thickness
wound in mice. Improvement in the histological maturity of
the wound suggested that a functionalized electrospun construct
with highly-controlled DNA delivery was a promising bioactive
substrate for treating cutaneous wounds [50]. In addition, some dia-
betic patients express higher levels of methylphosphonate (MMP).
Thus an attenuated wound recovery is inevitably exhibited. Fig. 4
shows a schematic diagram of MMP-cleavable nanofibers for local
gene delivery. A heptapeptide responsive to MMP  protease attack
is chemically conjugated on the nanofibrous meshes through the
surface-exposed amine groups. Upon exposure to a high MMP  level
like diabetic ulcers, MMP-labile linkages are readily cleaved, and
then a complex of DNA and linear polyethylenimine (LPEI) are grad-
ually released. It has great potential for treating the diabetic ulcers
as a local gene delivery system [26].

To achieve successful delivery of genes, it is necessary to
overcome several challenges of existing electrospinning methods,
such as the bioactivity preservation of biomolecules, high effi-
ciency of gene transfection, and well-defined release kinetics to

fit the time frame of tissue regeneration. Compared to a single
nanofiber construct, a sustained delivery of short interfering RNA
(siRNA) and an enhanced gene-knockdown efficiency are exhib-
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ig. 1. Basic electrospinning setup and properties of electrospun fibers. (A) Schemat
haracteristics of electrospun matrices. [25], Copyright 2017. Reproduced with perm

ted in the co-encapsulating siRNA-transfection reagent complexes,
hich can be utilized in the long-term gene silencing applications

51]. The effect of various processing parameters, including molec-
lar weight, polymer concentration, and plasmid DNA (pDNA)

oncentration, on the release kinetics and transfection efficiency,
as been systematically investigated [42]. It is determined that
he increase of these parameters can upregulate the average
ber diameter and at the meantime results in variable transfec-
tration of electrospinning setup (left) and Taylor cone formation (right). (B) Distinct
n from Elsevier Ltd.

tion properties and release kinetics. Additionally, with regard to
the electrospun scaffold composed predominantly of poly(D,L-
lactide)−poly(ethylene glycol) (PDLA − PEG) block copolymer and
poly(lactic acid-co-glycolic acid) (PLGA) random copolymer, vari-

ations in the ratio of PDLA − PEG block copolymer to PLGA
vastly affect the overall structural morphology, as well as both
the site-specific delivery and sustainable manner of the pDNA
[52].
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Fig. 2. Possible biomedical a

.1.3. Enzyme carriers for biomedical application
Enzyme-encapsulation systems have great potential to be uti-

ized for enzyme-catalyzed reactions, e.g., sensing [53], active
ackaging [54], and bioprocessing [55]. By increasing the sur-
ace area-to-volume ratio of the polymer matrix, it is possible
o improve the storage efficiency of enzymes and reduce diffu-
ional limitations [56]. Electrospinning natural proteins, such as
nzymes and casein into fibrous membranes, have also been widely
nvestigated, where natural proteins can become the electrospun

icro/nanofibers after adding another polymer like PVA or PEG. In
omparison with the cast films from the same solution, the lipase
ncapsulated within the electrospun fibers exhibits higher catalytic
ctivity toward hydrolyzing olive oil [57].

It is of great interest to systematically study how to recog-
ize a sustained and efficient enzyme release. As we  mentioned
efore, the coaxial electrospinning can acquire a different hollow
anofiber-based artificial cell that performs multi-step reactions

nvolving highly-efficient coenzyme regeneration [58]. Similarly,
he chemical vapor deposition can also realize the formation of
ore−shell structure to prevent the burst release of enzymes,
here poly(p-xylylene) (PPX) is employed as a coating layer of

VA/bovine serum albumin (BSA) nanofibers. Differing from the
ncoated PVA/BSA nanofibers, unique polymer-coated nanofibers,
xhibit a significantly-delayed release of the intact enzyme and
reserve the enzyme activity well, and such behavior is primar-

ly dependent on the coating thickness of PPX [59]. In addition,
omposite nanofibers consisted of surfactant-treated enzyme and
olymer significantly stabilize the enzyme activity, as a result of the

mproved mass-transfer rate of the substrate to an enzyme active

ite. Specifically, the encapsulated enzyme is stable in a buffer for
ore than two weeks under shaking conditions. These nanofiber
ats are ideal candidates for constant usage because they are
ations of electrospun fibers.

highly durable and can be easily recovered from a reaction solution
[60]. An original inverse-miniemulsion electrospinning method has
been proposed recently to make the enzymes and fluorophores dis-
tributed as nano-reservoirs into the fibers [61]. As shown in Fig. 5,
the remaining activity and release rate of the loaded-enzymes are
mainly dependent on the position and type of the enzymes. A near-
complete release of the loaded-fluorophore is achieved before the
complete degradation of the fibers, suggesting that the nanofibers
with sustained mechanical integrity are suitable as a self-triggered
enzyme-release system.

Among various electrospun porous membranes, a kind of
stimuli-sensitive porous polymer materials with the ability to
trap and release biomacromolecules on demand has promising
biomedical applications. Such a smart structure by responding
to an externally-applied stimulus can seal their pores in a con-
trolled manner, such as temperature, pH, or local light absorption
[62]. In our recent work, a generally applicable electrospin-
ning/leaching strategy is described to fabricate the poly(lactic
acid) (PLA)/CNT composite fibers with controllable surface pores,
where the carboxyl-functionalized CNTs are utilized to realize
the pore self-closure through the photothermal-conversion ability.
FITC-Dex, fluorescein-labeled DNA (FLU-DNA), and tetramethyl-
rhodamine (TMR)-BSA are chosen as the model agents to determine
the encapsulation capability of biomacromolecules into the porous
electrospun fibers. Interestingly, such smart carrier is able to cap-
ture free molecules from the FITC-Dex, FLU-DNA, or TMR-BSA
aqueous solutions upon UV light irradiation, meantime providing a
sustained release along with a gradual degradation of the polymer
matrix as well as a reversible surface pore reopening. Such novel
porous electrospun fibers with self-sealing capability can prevent

some inflammatory diseases by scavenging cytokines from inter-
stitial body fluids [63].
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Fig. 3. Characterizations and antimicrobial activity of PVP/PCL core − shell nanofiber mats. (A) Schematic illustration of PVP/PCL core − shell nanofiber. (B) SEM (scanning
electron microscopy) and transmission electron microscopy (TEM) images of the nanofibers. To study the effect of the GO content on the VAN release behavior, different
v N as th
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olumes of the 10 mg/mL  GO solution (0, 2, and 4 mL)  were mixed with PVP and VA
1,  F2, and F3, respectively. (C) VAN release profiles over time. (D and E) Antimicrob
eproduced with permission from Elsevier Ltd.

.2. Tissue engineering scaffolds

Tissue engineering is one of the most interesting interdisci-
linary fields of research that applies the principles of life sciences
nd engineering. It mainly involves the use of living cells and the
evelopment of biological substitutes to be implanted into a defect

ite for tissue reparation. From the basic principle of tissue engi-
eering, a vital point of this technology lies in the construction of
olymer scaffolds for providing a good connection between seeding
ells and regenerated organs. For a scaffold to function effectively as
e core solution, and the resultant PVP/PCL core − shell nanofibers were denoted as
ivity of PVP/PCL core − shell nanofiber mats against S. aureus. [32], Copyright 2016.

a temporary ECM, it must possess a few basic requirements [64–66].
First and foremost, the scaffold should be biocompatible and pos-
itively promote cell proliferation, without eliciting an immune
response. Secondly, an interconnected 3D microenvironment with
high porosity is essential for the transportation of nutrients, cellular
ingrowth, and vascularization. Thirdly, the scaffolds are typically

composed of biodegradable polymers, and the degradation rate
should be designed to coincide or at least be controllable to match
the regeneration rate of tissue. Finally, sufficient mechanical prop-
erties are required in order to maintain the structural integrity
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Fig. 4. Preparation, characterizations, and diabetic ulcer treatment effects of MMP-responsive nanofibrous matrix (NF). (A) Schematic diagram of MMP-responsive electrospun
nanofibrous matrix for gene delivery. (B) Confocal laser scanning microscope (CLSM) of DNA (green) incorporated LPEI-immobilized NFs at various nitrogen/phosphate (N/P)
ratios.  DNA in the N/P ratios ranging from 2 to 16 was defined as NF 2 (a, b), NF 4 (c, d), NF 8 (e, f), and NF 16 (g, h), respectively. Release of DNA from LPEI-immobilized
NFs  at 72 h after MMP-2 treatment (b, d, f, h). (C) Fluorescence intensity ratios of the residual amount of DNA were evaluated by comparing fluorescence intensities at 0 and
7 with D
e btain
i  to th

a
h
f
p
i
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2  h. (D) Cross-sectional images of diabetic and normal wound tissue administered 

mployed to quantify each image, and average values and standard deviation were o
nterpretation of the references to colour in this figure legend, the reader is referred

nd prevent the collapse of the porous scaffold. Extensive research
as been conducted on tissue engineering scaffolds over the past

ew decades, and as a result a variety of approaches have been
roposed to facilitate tissue regeneration, including solvent cast-

ng − particulate leaching technique [67], molecular self-assembly

68], thermally-induced phase separation [69], and electrospinning
70], and so forth. Among them, the electrospinning has gained
opularity with the tissue engineering community for providing

 versatile and cost-effective mean to produce scaffolds with a
NA-incorporated NFs on day 3. (E) Image-analysis methods based on intensity was
ed (n = 3). [26], Copyright 2010. Reproduced with permission from Elsevier Ltd (For
e web version of this article).

complex biomimetic structure. Furthermore, fabrication of elec-
trospun fibers can be originated from a broad range of polymers,
including synthetic, purely natural, composite mixtures, and even
organ-specific extracts [71]. More interestingly, mechanical and
biological properties of the electrospun scaffolds can be easily-

regulated by varying the processing parameters or the polymer
compositions. Due to these advantages, electrospun techniques
have been employed for engineering various tissues of skeletal
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Fig. 5. Inverse-miniemulsion preparation, colloid-electrospinning setup, and properties of enzyme-loaded scaffolds. (A) Scheme of inverse-miniemulsion preparation and
(B)  colloid-electrospinning setup to obtain fibers loaded with enzymes and fluorophores. (C) SEM micrographs of (a) PCL scaffold after 412 h of immersion in PBS medium,
(b)  PCLL (PCL loaded with lipase dissolved in PBS) enzyme-loaded scaffold after 198 h of immersion in PBS medium. (c) Sample PM-CT (PCL/coPEA dissolved in PBS and
�-chymotrypsin complex solution) after immersion in �-chymotrypsin medium for 16 h and (d) 88 h. (e) Sample PML-CT (PCL/coPEA loaded with lipase dissolved in PBS and
�-chymotrypsin complex solution) after immersion in �-chymotrypsin medium for 48 h. (f) Sample PMCT-L (PCL/coPEA loaded with �-chymotrypsin dissolved in PBS and
l s of th
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ipase  complex solution) after immersion in lipase medium for 48 h. (D) Weight los
6  G (an encapsulated fluorescent dye) release percentage determined by fluoresce
T:  �-chymotrypsin). [61], Copyright 2015. Reproduced with permission from the R

uscle [72], bone [73], cartilage [74], skin [75], blood vessel [76],
nd nerve [77].

It is worthy to notice that almost all electrospun scaffolds
re either non-degradable or degraded hydrolytically, different
rom the proteolytical degradation way of natural ECM through

atrix metalloproteinases. Recently, a kind of reactive macromer
ontaining protease-cleavable and fluorescent peptides has been
ynthesized, which is able to form an electrospun fibrous hydrogel

hrough photo-initiated polymerization. Such biomimetic scaffold
s susceptible to protease-mediated cleavage in vitro and can mon-
tor degradation in vivo using transdermal fluorescent imaging in
e nanofibers by enzymatic degradation versus time for PCL and PCLL scaffolds. (E)
ection versus time for the different scaffolds (PM) in enzymatic media (L: lipase and
Society of Chemistry.

a subcutaneous mouse model, representing a unique biomimetic
approach to generate protease-sensitive fibrous scaffolds [78]. To
determine the degradation rate of an implant in vivo and show its
role in tissue regeneration, noninvasive tracking of biomaterials
is vital. Current biomaterials always require labeling with fluores-
cent dyes or nanoparticles to enable tracing. A fully-conjugated
electrospun scaffold is fabricated, which can be visualized
in situ after implantation based on a semiconducting luminescent

polymer of (poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8 -diyl-
alt-thiophene-2,5-diyl] (TQ1)), using fluorescence imaging in the
near-infrared region. Fluorescent properties of the TQ1 fibers retain
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Fig. 6. Basic setup used in magnetic field-assisted electrospinning, properties of obtained fibers, and their effects in myotubes. (A) Schematic illustrations of set-up used
in  magnetic field-assisted electrospinning (MFAES) method for preparing aligned nanofibers. (Insets) Specifications of magnetic field-assisted collector. (B) SEM images
of  electrospun nanofibers: (a) containing 0 wt% (PCL), (b) 1 wt% (PCL/polyaniline (PANI-1)), (c) 2 wt% (PCL/PANI-2), and (d) 3 wt% (PCL/PANI-3) PANI. (Insets) A higher
magnification image of each sample. (C) Representative immunofluorescent images of myotubes differentiated for five days on random PCL (R-PCL), aligned PCL (A-PCL),
random  PCL/PANI-3 (R-PCL/PANI), and aligned PCL/PANI-3 (A-PCL/PANI) nanofibers and immunostained for myosin heavy chain (MHC) (green) and nucleus (blue). (D)
Quantification of the myotube number, myotube length, fusion index, and maturation index of the myotubes formed in (a). *Significantly different in comparison with the
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p to 90 days following implantation, of great potential to be a
andidate for pro-angiogenic and traceable biomaterial [79].

.2.1. Skeletal muscle tissue engineering
Skeletal muscle makes up approximately 48% of the body

ass and is mainly responsible for protecting abdominal viscera,
ontrolling voluntary movement, and maintaining the process of
espiration, which may  be injured by exposure to myotoxic agents,
xcessively hot or cold temperatures, sharp or blunt trauma, and
schemia [80]. Mature skeletal muscle predominantly consists of

ultinucleated post-mitotic fibers that cannot regenerate [81].
hen muscle structure has been irreversibly-ablated by significant

njuries or surgical procedures, engineering new muscle fibers via
atellite cells becomes exceptionally challenging. In this situation,
onstructing muscle scaffolds becomes a readily-available method
or the treatment of large tissue defect and enhancement of mus-
le regeneration. More importantly, it can effectively avoid the lack
f autologous transfer and maintain the functional integrity of the
onor site [82,83].

Many attempts have been tried so far to reconstruct the skele-
al muscle tissue in vitro, and all these studies suggest that tissue
ngineering is indeed feasible to regenerate bioartificial muscles
84]. Through successfully transplanting isolated myoblasts within
he biological substitutes of electrospun poly(glycolic acid) (PGA)
bers, the myoblasts can organize well along the polymer matrix
ecause of different geometric structure and the large specific sur-
ace area, and even can regenerate neo-muscle-like strands in a
hort period of six weeks [85]. Nevertheless, the majority of these
caffolds composed by classic degradable polyesters (e.g., PGA, PLA,
nd copolymers) suffer from some disadvantages, mainly concern-
ng the low yield elongation rate of 3% − 4%. In order to overcome
he drawback of inflexibility, a concept of electrospun DegraPol

®

a known biodegradable block copolymer) has been proposed [86].
uch gel exhibits promising prospective for utilizing as a scaffold
n the field of skeletal muscle tissue reparation. In addition, the
omposition of the most scaffold materials cannot be visualized by
ethods available to clinicians (e.g., radiography), and therefore it

s not possible to assess their performance in situ. To this end, a
ind of nanofibrous scaffold including radiopaque nanoparticles is
eveloped. The inclusion of such biocompatible radiopaque parti-
les can not only increase the tensile modulus of the scaffold but
lso provides sufficient radiopacity for in vivo visualization via fluo-
oscopy and microcomputed tomography, facilitating non-invasive
ong-term evaluation and image-guided implantation of scaffold
erformance [87].

Structure and organization of muscle fibers are well-known
o dictate the tissue function. In engineering functional skele-
al muscle, an essential step is to mimic  the structure of native
issue that is comprised of highly-oriented myofibers with multi-
ucleated cells derived from myoblasts. By the established c̈ontact
uidanceẗheory [89,90], a critical factor in designing appropri-
te scaffolds is to realize the formation of continuous muscle
bers, which is also essential to support cell fusion, prolifera-
ion, and differentiation in a preferential direction. In comparison
o the randomly-oriented nanofibers, unidirectionally-oriented
anofibers significantly induced the muscle cell alignment and

romoted the functional myotube formation [91]. Except for the
opographical cues, other essential stimuli to influence the adhe-
ion and differentiation of specific cell types are electrical signals.
p to now, various conductive materials, such as polypyrrole

-PCL nanofibers (n = 5; P < 0.05), ♥significantly different compared with the A-PCL na
anofibers (n = 5; P < 0.05). [88], Copyright 2013. Reproduced with permission from Elsevi

s  referred to the web version of this article).
r Science 90 (2019) 1–34

(PPy) [92], PANI [93], and carbon nanotubes (CNTs) [94], have
been added into the polymer matrices to generate the electrically-
active fibers. As shown in Fig. 6, the highly-ordered electrospun
nanofibers composed by PANI and PCL along with the introduction
of an external magnetic field significantly increased the electri-
cal conductivity [95]. Consequently, these highly-oriented and
electrically-conductive scaffolds provide topographical and electri-
cal characteristics for cell attachment simultaneously, serving as a
promising scaffold for electrically-stimulated muscle regeneration.

Nonetheless, tissue-engineered skeletal muscle analogs are still
far from being a clinical reality. More recently, it was claimed that a
possible approach to solve the problem of lacking tissue utility was
to use an ionic polymer − metal composite (IPMC) for the regener-
ation of skeletal muscle tissue [96]. IPMC is always composed of a
conductive polymer or carbon/graphite, a noble metal, as well as a
charged polyelectrolyte membrane [97]. Considering the attractive
mechanical and sensing properties involved with these composites,
it is reasonable to believe that these artificial muscles can be pro-
duced with viable strength. A unique reverse IPMC scaffold has been
successfully created recently using coaxial electrospinning, where
acid-functionalized multiwalled carbon nanotubes (MWCNTs) and
PCL were regarded as the inner core, and the exterior sheath was
composed by the poly(acrylic acid)/poly(vinyl alcohol) (PAA/PVA)
hydrogel [98]. The results showed that such a composite scaffold
induced a significant amount of actin interaction of multinucleated
cells.

2.2.2. Bone tissue engineering
An increasing number of tissue transplant surgeries have

expanded the demand for tissue grafts, especially for the bone
substitutes [99]. Natural bone is always composed of approxi-
mately 70 wt% inorganic nanocrystals like HAP and 30 wt%  organic
matrices like collagen nanofibers. Additionally, it is hierarchi-
cally organized from nano-, micro-, to macro- scale about the
structure [100]. Among a variety of fabrication methods, electro-
spinning is particularly efficient for producing continuous fibers
with tunable fiber size as well as a morphological similarity to
natural ECM. Electrostatic fiber spinning as an alternative scaffold
fabrication technique for treating bone defects has already been
comprehensively assessed, through seeding mesenchymal stem
cells (MSCs) on the highly-porous nonwoven PCL fabrics consisting
of ultrafine fibers for up to four weeks [22]. Their morphological,
histological, and immunohistochemical results fully demonstrate
that such cell−polymer constructs provide a platform to support
the regeneration of mineralized tissue and might be a suitable
candidate for engineering bones in vitro. Similarly, other biodegrad-
able polyesters, such as PLA [101] and PLGA [102], have also been
intensively investigated for bone tissue engineering due to their
controllable degradation rate and excellent mechanical proper-
ties, especially after annealing post-treatment these electrospun
polyester scaffolds exhibit improved mechanical behavior [103].
With hierarchically-compositional and -structured pores close to
the natural mineralized nanofibril counterparts, scaffolds based on
these electrospun polyester membranes are demonstrated with
great potential for bone tissue engineering applications [104].

Although polymer materials alone have already displayed some

positive results for bone reparation, surface chemistry of these
scaffolds that directly interact with the host cells is still the
critical issue to be considered. To improve the osteoconductiv-
ity of polymer scaffolds, a layer-by-layer (LbL) method [105], an

nofibers (n = 5; P < 0.05), ♠ significantly different compared with the R-PCL/PANI
er Ltd (For interpretation of the references to colour in this figure legend, the reader
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Fig. 7. Schematic overview of histomorphometric evaluation of bone repair, properties of stromal cell-derived factor-1� (SDF-1�) loaded electrospun fibers and bone repair
effects of the membranes. (A) Schematic overview of histomorphometric evaluation. The bone formation area (�m2) was determined as a newly-developed bone in two
regions:  (i) inside titanium fiber mesh (blue area) and (ii) outside titanium fiber mesh (yellow area). (B) SEM image of SDF-1�-loaded electrospun fibers. (C) In vitro SDF-1�
release profiles. A volume of 20 �L 125I-labeled/unlabeled mixture of an SDF-1� solution containing 50, 100, or 200 ng was absorbed onto disc-shaped PCL/gelatin electrospun
membrane. (D and E) A representative example of extracellular and intracellular expression of SDF-1� receptor (CXCR4) in rat bone marrow stromal cells (BMSCs) by (a)
antibody staining and (b) isotype control, respectively, which indicated a negative extracellular expression and a positive intracellular expression of CXCR4. (F) Five different
a ted in 

i bar = 3
i  to th

i
d
o
t
n
s
f
f

mounts of SDF-1� (0–400 ng) were loaded on the electrospun membrane and tes
mages  of samples retrieved from rats. M indicates the polymer membrane. Scale 

nterpretation of the references to colour in this figure legend, the reader is referred

n situ co-precipitation synthesis approach, and [100] a direct
eposition of gelatin [106], type II collagen [107], HAP [108],
r biomimetic calcium phosphate [109] have been proposed for
he surface modification of scaffolds. Among them, electrospun

anofibers that surface-modified with calcium phosphate showed
trongly-promoted proliferation and osteoblastic differentiation
or a prolonged cell culture period, and collagen was  employed
or enhancing stem cell attachment and proliferation [110]. Taken
vitro chemotactic effect on rat BMSCs using transwell migration system. (G)  CLSM
0 �m.  [113], Copyright 2013. Reproduced with permission from Elsevier Ltd (For
e web version of this article).

all together, these bioactive substances rendered innate biolog-
ical guidance to cells, support the differentiation of progenitor
cells toward osteoblastic lineages, and finally calcify the surround-
ing matrix [111]. Recently, the effects of HAP particle size and

thermoplastic polyurethane (TPU) properties on scaffold physical
properties and osteoblast-like cell behavior were also studied in
detail [112]. It was  found that soft TPU was  highly hydrophilic,
but hard TPU was hydrophobic. Addition of both micro-HAP and
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Fig. 8. Preparation and characterizations of rhTGF-�1- and E7-loaded coaxial electrospun fibers and their effects on BMSCs differentiation. (A) Schematic illustration
of  preparation process and working hypothesis for coaxial electrospun fiber scaffolds. (a) Setup of coaxial electrospinning. (b) Scaffold composed of electrospun coaxial
fibers.  (c) Scaffold conjugated with the BMSC-specific affinity peptide (E7) (green). (d) E7-modified scaffold promoting adhesion of BMSCs onto the scaffold. (e) The
rhTGF-�1  encapsulated in the core of the coaxial fibers was  released sustainably to promote chondrogenic differentiation of BMSCs adhered on the scaffolds. (B) Core-shell
structure of CBrhT fibers (rhTGF-�1 loaded PCL/PVP/BSA fibers). (a–c) Images of fibers before rhTGF-�1 release: (a) TEM image showed the core with rhTGF-�1 (red asterisk)
that  was  evenly encapsulated by the PCL shell (arrow); (b) Cross-sectional SEM image displaying rhTGF-�1 in the core section (red arrow); (c) Cross-sectional SEM image with
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ano-HAP weakened the tensile properties, with a more significant
ecrease for micro-HAP. Overall, the soft nano-HAP scaffold out-
erformed the rest regarding hMSCs differentiation, which might
e ascribed to the hydrophilicity of the material and high aspect
atio of nano-HAP. Interestingly, the calcium phosphate layers on
he nanofibers owned similar characteristics to human bones, indi-
ating potential applications in bone tissue engineering.

Another excellent example of applying surface-modified
anofibers to tissue engineering was immobilizing cell adhesive
olecules, including the fibronectin and arginine-glycine-aspartic

cid (RGD) peptides [114,115]. Morphologies of the surface-
odified nanofibers were the same with the unmodified ones.
igh surface areas enabled a significant amount of cell adhesive
olecules to be deposited onto the surface, which consequently

ncreased cell adhesion and promoted proliferation of cultivated
ells compared to other conventional tissue engineering scaf-
olds. Cell adhesion proteins were conjugated to electrospun

icro/nanofibers for cultivating epithelial cells [116]. To further
ptimize electrospun scaffolds for bone tissue engineering appli-
ations, sensitive growth factors of HAP and bone morphogenetic
rotein-2 (BMP-2) were also incorporated onto the scaffolds
117]. It was found that the silk fibroin-based scaffolds promoted
MSCs differentiation toward osteogenic outcomes. Significantly,
he coexistence of HAP and BMP-2 resulted in an enhanced BMP-2
ranscription level of bone-specific markers and the highest cal-
ium deposition, indicating that these electrospun scaffolds offered
ubstantial benefits for controlling the delivery of growth factors
uring specific tissue formation. Among the various choices of
steogenic factors, SDF-1� also plays a particularly important role
n the migration of BMSCs to a defect site (as shown in Fig. 7).
ne kind of guided bone regeneration membranes acquired by
lectrospinning PCL/type B-gelatin blends and functionalizing with
DF-1� via physical adsorption was once reported. The results
howed that compared with the bare membranes, SDF-1�  loaded
embranes stimulated BMSCs recruitment and yielded a 6-fold

ncrease in the bone reconstruction amount, thus being beneficial
or optimizing the clinical reparation of large bone defects [118].

.2.3. Cartilage tissue engineering
Degenerative diseases, such as traumatic injuries and

steoarthritis, are both prominent causes of cartilage defects.
ue to the avascular nature and the low mitotic ability of chon-
rocytes, adult human cartilage has a limited self-repair capacity

n vivo [119]. Tissue engineering scaffolds with predesigned
roperties provide a promising alternative therapy for serving as a
arrier for MSCs or chondrocytes, which could simulate the native
artilage structure and then improve the cartilage formation
nd functionalities [74]. Electrospinning is a simple economic
ean to produce scaffolds of ultrafine fibers derived from various

olymers. The 3D electrospun fibrous scaffolds are well-known
or their morphological similarity to natural collagen fibrils, high
orosity, and large surface area to volume ratio. These physical

haracteristics afford favorable biological responses for seeding
ells in vitro, such as enhanced cell adhesion, proliferation, and
aintaining the chondrocyte phenotype [120]. For instance, a
ultilayered electrospun scaffold consisted of collagen type I and

igher magnification showed the presence of PVP/BSA/rhTGF-�1 compound in the core
1  days in PBS): (d) TEM image showed that the core (blue asterisk) became hollow fo
orphology of fibers and homogeneous hollow structure (blue arrow) owing to the releas

he  hollow core (blue arrow). (C–E) Analyses of chondrogenic differentiation for BMSCs 

ggrecan (AGN) and collagen type II (COL2) gene expression (n = 3; *P < 0.05). (D) The gly
f  COL2. CB: pure PCL/PVP/BSA fibers. CBE: PCL/PVP/BSA fibers loaded with E7. CBrhT: PC
nd  cultured with assay medium supplemented with 10.0 ng/ml rhTGF-�1. [123], Copyri
eferences to colour in this figure legend, the reader is referred to the web  version of this
r Science 90 (2019) 1–34 15

II was  demonstrated with the high potency to induce chondrogenic
differentiation of hMSCs in vitro [74]. Of note, the healthy articular
cartilage is primarily composed of some specifically-oriented
chondrocytes and extracellular matrices. Previous studies have
reported that the oriented scaffolds have great potential to repair
cartilage through improving cell affinity and alignment [121]. In
detail, after culturing articular chondrocytes on the longitudinal-
oriented PLGA scaffolds for 12 weeks, the cell migration toward
the inner region of the constructs has been efficiently promoted
in the oriented scaffold group [122]. More importantly, after 12
weeks of in vivo implantation, the oriented constructs formed
thicker cartilage tissue with stronger mechanical property, a more
homogeneous structure, and more abundant cartilage-specific
ECM deposition compared to that of the nonoriented group.

Polymer-derived scaffolds always lack cell recognition signals,
and their hydrophobic nature hinders cell attachment. To cre-
ate cell − biomaterial interfaces, a variety of surface modification
agents may  potentially be immobilized onto the plasma-treated
substrates, including collagen [120], fibronectin [124], chitosan (CS)
[125,126], and gelatin [127]. For instance, poly(L-lactide) (PLLA)
nanofibers can be treated with oxygen plasma to introduce COOH
groups on the surface, followed by covalently-grafting cationized
gelatin (CG) onto the fiber surface with water-soluble carbodiimide
as the coupling agent [128]. Both in vitro and in vivo experiments
demonstrate a superior ability of CG-grafted PLLA nanofibrous
membranes, which act as a kind of promising cartilage tissue engi-
neering scaffolds to support the proliferation, differentiation, and
cartilaginous matrix biosynthesis of chondrocytes.

Growth factors are another type of polypeptides that can stim-
ulate the differentiation of hMSCs into specific tissue-forming
cell lineages, such as myocytes, chondrocytes, adipocytes, and
osteoblasts [129]. However, slow tissue penetration has hindered
their applications. For maintaining stability and enhancing the
in vivo efficacy, the spatially-controlled release of growth factors
(e.g., kartogenin (KGN), recombinant human insulin-like growth
factor-I (rhIGF-I), and recombinant human bone morphogenetic
protein-2 (rhBMP-2)) in polymeric biomaterials is crucial for engi-
neering a complex osteochondral construct [120,130]. Two  kinds
of growth factors, i.e.,  rhIGF-I and rhBMP-2, were once function-
ally microencapsulated into the silk microsphere/scaffold system.
Through evaluating their impact on the osteochondral differenti-
ation of hMSCs, it was  found that rhIGF-I enhanced the rhBMP-2
effect, but did not solely induce hMSCs differentiation, which was
likely due to its fast release and limited loading. This finding offers
a new option for spatial controlled delivery of multiple growth
factors in a polymer scaffold for bone repair applications [131].
Another approach to guarantee a sustained release of incorpo-
rated growth factors is employing the core − shell electrospinning
technique. Transforming growth factor-� (TGF-�)  plays a critical
role in chondrogenesis during bone defect reparation and embry-
onic skeletal development. It is especially applicable for TGF-�1,
TGF-�2, and TGF-�3, which have been verified to stimulate the

chondrogenesis of MSCs and enhance the synthesis of cartilagi-
nous ECM in chondrocytes [132,133]. As shown in Fig. 8, the coaxial
electrospun fibers were formed with PVP/BSA/recombinant human
transforming growth factor-�1 (rhTGF-�1) composite solution as a

 section (red arrow). (d–f) Images of fibers after rhTGF-�1 release (immersed for
llowing rhTGF-�1 release; (e) Cross-sectional SEM image displayed the uniform
e of core content; (f) Cross-sectional SEM image with higher magnification showed
on different scaffolds after incubation for 14 days. (C) Real time-qPCR analyses of
cosaminoglycan (GAG) content (n = 3; *P < 0.05). (E) Immunofluorescence analysis
L/PVP/BSA fibers loaded with rhTGF-�1. CBEP: BMSCs were seeded on CBE scaffold
ght 2014. Reproduced with permission from Elsevier Ltd (For interpretation of the

 article).
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Fig. 9. Illustration of electrospinning setup with rotating collector, properties of electrospun mats which deposited on different collectors, and their effects on hDFs. Three
types  of fibrous mats were harvested from these collectors: deposited on the plate (FM-P), acquired on the frame cylinder at the rotation speed of 28 rpm (FM-LR) and 60 rpm
(FM-HR). (A) Electrospinning apparatus with the collector of rotating frame cylinder. (B) SEM images of cell-grown fibrous mats collected on plate (FM-P, a–c), the frame
cylinder with rotating speed of 60 rpm (FM-HR, d–f) and 28 rpm (FM-LR, g–i) on day 1 (a, d, g), 3 (b, e, h), and 5 (c, f, i) after incubation. (C) Cross-sections of hematoxylin and
eosin  (H&E)-stained cell-grown fibrous mats collected on plate (FM-P, a), the frame cylinder with rotation speed of 60 rpm (FM-HR, b) and 28 rpm (FM-LR, c). SEM images of
c cubat
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ross-sections of cell-grown fibrous mats of FM-P (d) and FM-LR (e) after a 5-day in
mmunohistochemical analyses of collagen type I of cell-grown fibrous mats of FM-
sed  as control (d). [142], Copyright 2008. Reproduced with permission from the A

ore fluid and PCL solution as sheath fluid. Subsequently, the BMSCs
pecific affinity peptide (E7) was covalently conjugated to the coax-
al electrospun fibers. Cell culture tests indicated that E7 enhanced
he initial adhesion and growth of BMSCs, while the rhTGF-�1 syn-
hronously promoted the chondrogenic differentiation ability of
MSCs. Overall, scaffolds containing both rhTGF-�1 and E7 were
he most favorable for BMSCs survival and cartilage repair [123].

.2.4. Skin tissue engineering
Skin acts as a protecting barrier against chemical damage,

echanical impairment, or microbial invasion. In general situa-
ions, skin defects often result from severe tissue trauma and burns.

ounds with large-scale skin loss require essential coverage with a
ressing to protect the wound against infection. Traditionally, auto-
rafts, allografts, and xenografts have been frequently used to treat
ull-thickness skin defects or burns. However, these approaches are
imited in supply and may  cause an immunological rejection or dis-
ase transmissions, such as primary graft contraction and failure
134]. Tissue engineering substitutes have emerged as a practi-
al, convenient, and inexpensive alternative to treat skin defects
r injuries [135]. Ideal tissue engineering substitutes should pro-

ect the injury from protein loss, improve the aesthetic appearance
f the wound site, inhibit exogenous microorganism invasion, and
imic  the natural skin functions [136]. In an attempt to fabricate

n excellent scaffold imitating the structural properties of ECM
ion. Arrows indicate cells residing at the surface and inner part of the scaffold. (D)
FM-HR (b), and FM-LR (c) after a 5-day incubation. FM-LR without cell loading was
an Chemical Society.

of natural skin, different kinds of electrospun matrices have been
investigated.

Collagen type I has been widely applied for skin tissue
regeneration, but it typically increases the production costs of
tissue-engineered skin substitutes. To address this problem, elec-
trospun PCL/gelatin scaffold modified with a small amount of
collagen type I has been fabricated for use in skin tissue engi-
neering field [137]. This method was proved to be successful in
accelerating the cell proliferation rate and maintaining the char-
acteristic shape of fibroblasts. Except for some ingredients, such
as gelatin, chitosan, and collagen, new material has also been
developed to improve the biological and mechanical properties
of the scaffolds. Poly(ethylene oxide)-block-poly(propylene oxide)-
block-poly(ethylene oxide) (Pluronic), a non-ionic surface-active
agent, improves the hydrophilic performance of the polymer scaf-
folds without the use of any harmful chemicals after being added
into the electrospun fibers [138]. As a broad-spectrum surfac-
tant molecule, Pluronic not only possesses high hydrophilicity or
enhanced mechanical property but can also increases the protein
solubility and metabolic stability. Compared to poly(lactide-co-
�-caprolactone) (PLCL) scaffold, the blended elastic PLCL/Pluronic
scaffold always exhibited better cell attachment and proliferation

potential of adipose-derived stem cells [138]. Epidermal growth
factor (EGF) has been widely accepted as one of the most common
factors for treating wounds, which improved cell motility, as well as
epidermal and mesenchymal regeneration. The EGF-encapsulated



J. Ding et al. / Progress in Polymer Science 90 (2019) 1–34 17

Fig. 10. Mechanisms of scaffold fiber diameter on regulating the macrophage phenotype, properties of thicker and thinner PCL fibers, and their effects on vascular tissue
engineering. (A) Effects of fiber diameters on the macrophage phenotype. (B) Structure and mechanical property of electrospun PCL. SEM images of electrospun PCL mats
with  (a) thicker fibers and (b) thinner fibers. Cross-sections of (d–f) tubular thicker-fiber grafts and (g–i) thinner-fiber grafts. The characteristic tensile strain−stress curve
was  shown in (c). (C) Evaluation of tubular PCL grafts in vivo. (a) The ultrasound image of the thicker-fiber graft on day 100, (b) the luminal morphology of the thicker-fiber
graft  on day 100 was observed under a stereomicroscope, (c) the inner diameters of the grafts were calculated based on ultrasound measurement (n = 4). H&E staining
show  cellularization of the (d) thinner-fiber and (f) thicker-fiber grafts on day 28, and cellularization of the (e) thinner-fiber and (g) thicker-fiber grafts were also confirmed by
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LGA nanofibers through the emulsion electrospinning technique
nduced the expression of high-affinity receptors in both ker-
tinocytes and fibroblasts, meanwhile accelerating the wound
ealing [139]. In conclusion, highly-porous biocompatible scaffolds
ith the capability of encapsulating and controlling growth factor

elease hold great potential to be utilized in skin tissue engineering
pplications [140].

In addition to the studies related to composition explo-
ation, the personalized design of scaffold structure is another
rucial point with considerable attention in skin tissue engi-
eering field. The effect of varied fiber diameter of electrospun
atrices on skin regeneration has been investigated through fab-

icating porous PLGA matrices with different fiber diameters of
250–6000, 2500–3000, 600–1200, 500–900, 250–467, 200–300,
nd 150–225 nm,  meanwhile evaluating their reparation efficacy
y seeding them with human skin fibroblasts (hSFs) [141]. It
as found that the hSFs exhibited a well-spreading morphology,

howed a significant progressive growth, and acquired a high col-
agen type III expression in the diameter range of 350–1100 nm.
n addition to the fiber diameter, porosity and pore size are also
rucial parameters influencing cell infiltration, especially when the
elatively large-sized pores are needed. To appropriately increase
he porosity of electrospun mesh and extend the pore size, a
low-rotating metal frame cylinder has been proposed to deposit
bers, as shown in Fig. 9 [142]. When the metal struts are used
s the collector, the electrostatic forces drive the fibers to move
oward the metal struts, while the fibers of less density are
eposited between them. Ultimately, fibrous mats with an aver-
ge pore size of 132.7 �m and a porosity of 92.4% were obtained.
he viability test further indicated that large amounts of human
ermal fibroblasts (hDFs) generated well on such highly-porous
brous mats and own great potential in skin tissue engineering
eld.

.2.5. Blood vessel tissue engineering
In many developed countries, a vast majority of deaths are

ttributed to cardiovascular diseases and half of these deaths
re the result of vascular system failure [143]. Tissue engineer-
ng has great potential in providing some effective therapeutic
trategies to replace degenerated or damaged vessels with func-
ional ones. However, these engineered vessels should meet several
trict standards regarding the performance, such as possessing a
ighly porous structure, a vessel-like tubular shape, and sufficient
echanical properties, to provide a suitable environment for cell

dhesion, growth, and colonization [144]. Generally, vascular grafts
re fabricated by electrospinning, because it is a versatile pro-
essing technique to generate non-woven fibrous structures [145].
owever, one major problem faced by electrospinning lies in the

mall pores that are generated, which often results in a limited cell
nfiltration and thus hindering the remodeling of vascular grafts
n the long term. For that, macroporous electrospun PCL scaffolds

ith larger pores (∼30 �m)  have been fabricated by increasing

he fiber diameter of electrospun mats. Interestingly, it was found
hat the thicker-fiber scaffold structure regulated the phenotype
f macrophages as illustrated in Fig. 10 [146]. Specifically, a large
umber of macrophages cultured on the thinner-fiber scaffolds

API staining. (h) The density of cells within the thicker-fiber grafts was calculated based on
rafts  on day 100 in comparison with native aorta. Cross-sectional images of the (a, c and e
o  identify the endothelial cells (ECs), smooth muscle cells (SMCs), and elastin. H&E stain
richrome staining showed the presence of collagen (green) in the (i) explanted grafts an
k)  explanted grafts and (l) native aorta. [146], Copyright 2014. Reproduced with permis
egend, the reader is referred to the web version of this article).
r Science 90 (2019) 1–34

expressed a proinflammatory phenotype (M1), while those cul-
tured on the thicker-fiber scaffolds tended to polarize into the
tissue remodeling phenotype (M2). In vivo results further revealed
that the macroporous grafts enhanced the cell infiltration, vascular
regeneration, and tissue remodeling. However, the thinner-fiber
grafts maintained the macrophages in the M1  phenotype, which
secreted pro-inflammatory factors and played a negative role in tis-
sue regeneration. Similarly, the pore size in the range of 30–40 �m
reduced fibrotic response and increased vascularization due to a
shift in macrophage polarization toward the M2  state [116], which
consequently mediated the regeneration of cell-free electrospun
grafts into neo-arteries in vivo.

Early studies of blood vessel tissue engineering are termed
“top − down” approaches because they are based on seeding cells
on porous scaffolds to form tubular tissue-engineered constructs.
However, such an archetypal approach through using biodegrad-
able scaffolds for the newly-constructed vessels generally raises
some concerns about inflammation, foreign body reaction, and
infection due to bacterial colonization [147]. In this context,
“bottom − up” tissue engineering strategies have been developed
recently. In this approach, individual sections of the tissue are
separated and then are built together to generate a biomimetic
tissue-engineered construct with higher fidelity. Additionally, “bot-
tom − up” approaches are always scaffold-free, which promises less
inflammation and toxicity as the scaffold degradation [148]. In a
recent study, a “bottom − up” and scaffold-free approach (a com-
bination of electrospinning and cell sheet technology) has been
introduced to the human blood-vessel tissue engineering, where
a tubular construct of circumferentially-aligned smooth muscle
cells showed enough mechanical strength and a high expression of
contractile genes to enable facile cell-sheet handling within days
[76].

To address the increasing demand on vascular grafts for cardio-
vascular diseases, developing substitutes with bio-functionalities
is also necessary, such as rapid endothelialization, anticoagulation,
smooth muscle regeneration, and hemocompatibility [149,150].
In detail, to enhance the blood vessel tissue engineering efficacy,
hydrophilic surfaces of the vascular grafts have been created by
various approaches. Moreover, these grafts are also required to
induce in situ tissue regeneration for reconstructing blood ves-
sels with complete endothelialization. RGD molecule, a tripeptide
derived from the cell-adhesion fibronectin, has always been applied
to modify the surface properties of electrospun polyester scaffolds.
It was demonstrated that the RGD-modified polymer grafts exhib-
ited an improved revascularization capability, as evidenced by a
3-fold increase of endothelial cell attachment compared to that of
the untreated grafts [151,152]. Additionally, a blend of polyester
urethane urea (PEUU) and phospholipid polymer was another kind
of favorite candidate for fabricating vascular grafts [152]. The elas-
tomer PEUU provideed sufficient mechanical properties, while the
incorporation of phospholipids was responsible for improving the
implantation patency in rat abdominal aorta. The compositions of
the natural ECM, such as collagen [153] and elastin [154], have also
been combined with polymers to favor the adhesion of vascular

cells. In conclusion, surface modification plays an essential role in
the blood-vessel tissue engineering field to obtain the biomimetic
and bioactive scaffolds [155].

 DAPI staining (n = 4). (D) Histological analysis and deposition of ECM in regenerated
) regenerated grafts and (b, d, and f) native artery were immunochemically stained
ing showed the structure of the (g) explanted grafts and (h) native aorta. Masson’s
d (j) native aorta. Verhoeff’s staining showed the presence of elastin (black) in the
sion from Elsevier Ltd (For interpretation of the references to colour in this figure
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ig. 11. Properties of random or aligned PLLA electrospun fibers and their effects
anofibers. (B) LSCM micrographs of NSCs seeded on (a) random nanofibers, (b) al
andom  nanofibers, (b) aligned nanofibers for two days, the cell − matrix adhesion 

.2.6. Neural tissue engineering
Nerve tissue repair that directly impacts the quality of life

s a valuable concept of treatment in human health care. Nerve
issue engineering is one effective therapy for restoring the ner-
ous system, in which the scaffold design plays a pivotal role
156,157]. By comparing the performance of perfectly-aligned PLLA

icro/nanofibrous scaffolds with the random samples, better con-
act guidance on the neurite outgrowth is exhibited on the aligned
bers, demonstrating that the anisotropic fibers are desirable cell
arriers in the neural tissue engineering field [158]. The represen-
ative SEM images of the single neural stem cells (NSCs) cultured
or two days on the PLLA scaffolds were shown in Fig. 11. An
pparent bipolar-elongated morphology along the same direction
f the aligned nanofibers was observed, and the cell body had the
utgrowing neurites. Additionally, some filament-like structures
xtended out from the NSC cell body, which were suspected to be
he focal adhesions, which mediated a robust cell-matrix interac-
ion and transmit information in a bi-directional manner between
he cytoplasm and ECM molecules. On the contrary, almost no sim-
lar signals were revealed on the random fibers, further implying
hat the fiber alignment was effective in modulating the interaction
etween scaffolds and NSCs. No obvious differences were observed

n the cell orientation concerning the fiber diameters. However,
SC differentiation rate was higher for PLLA nanofibers than that
f the microfibers.

Polymers are typically used to produce a 3D scaffold for mim-
cking the structure of ECM. However, the synthetic polymer is
enerally poor in cell affinity due to their low hydrophilic property
nd lacking surface cell-recognition domains [159,160]. Natural
olymers and bioactive proteins are therefore incorporated into
he micro/nanofibers to enhance the cell − scaffold adhesions [161].
or example, gelatin is a natural biopolymer derived from colla-
en by controlled hydrolysis. Due to its commercial availability
t a relatively low cost, biocompatibility, and biodegradability,

omposite nanofibrous scaffolds consisting of PCL and gelatin at
iffering weight ratios have been widely reported. It is found
hat the PCL/gelatin 70:30 nanofibers exhibit the optimum com-
rehensive properties to meet all the required specifications for
SCs growth. (A) SEM micrographs of PLLA (a) random nanofibers and (b) aligned
nanofibers after two  days of culture. (C) SEM micrographs of NSCs attached on (a)
hibited. [158], Copyright 2005. Reproduced with permission from Elsevier Ltd.

nerve regeneration. Addition of gelatin is proved to enhance the
degradation properties, and act as a positive cue to support nerve
differentiation and neurite outgrowth compared to PCL nanofi-
brous scaffolds [162]. More recently, culturing neural cells on the
scaffold surface under electrical stimulation has attracted lots of
attentions, because an apparent increase in neurite growth caused
by the electrical stimulation is revealed [163]. By this, a con-
ductive polymer of PPy has been synthesized on the electrospun
cellulose nanofibers. In comparison with the unmodified cellulose
nanofibers, PPy particles located on the cellulose nanofiber surface
result in a 105-fold increase in conductivity. Additionally, enhanced
cell adhesion, viability, and differentiation of human neuroblas-
toma cells are exhibited on the PPy-coated cellulose material [164].
The nano-scale surface roughness, as well as the passive conductive
property induced by the PPy coating, is able to favor cell attachment
to the nanofibers and slightly promote the neurite outgrowth.

2.3. Wound healing

Skin is the largest organ covering the entire external surface of
the body, occupying about 8% of the total body mass, and form-
ing a self-repairing interface between the environment and the
body [166]. Additionally, it is capable of adsorbing and excreting
certain chemical substances, while simultaneously withstanding
stretch, compression, and friction. Trauma to the skin is classi-
fied into several levels [167]. The least level is located at the most
superficial layer of the skin, the epidermis layer. More serious dam-
aging trauma is related to partial or complete damage of subdermal
or dermal tissues. Wound healing is a natural process to regen-
erate dermal and epidermal tissues. Unfortunately, there are no
remaining cells for the wound regeneration in the cases of a full-
thickness burn or a deep dermal injury [168]. As a result, a wound
dressing material is necessary to protect the wound as a physi-
cal barrier against bacterial penetration, mechanical impairment,

and chemical damage, while simultaneously accelerates the re-
epithelialization process. Recently, employing the electrospinning
apparatus for wound-dressing material has attracted increasing
interest, because the morphological, mechanical, and biological fea-
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Fig. 12. Preparation, properties, and scar-hypertrophic treatment efficacy of Ginsenoside Rg3 (G-Rg3)-loaded PLLA electrospun scaffolds. (A) Amorphous state G-Rg3 in PLLA
electrospun fibrous scaffolds for inhibiting hypertrophic scar formation. (B) SEM images of electrospun fibers. (a) PLLA fibers, (b) PLLA-2%, (c) PLLA-6%, and (d) PLLA-10% with
0%,  2.0%, 6.0%, and 10.0% Rg3, respectively. (C) In vitro Rg3 release percent from electrospun fibers after incubating in PBS at 37 ◦C. (D) Gross observation of scar hyperplasia
treated with (a) implanted fibrous scaffolds and (b) blank after operation for one or three months. (E) H&E staining of sections of scar hyperplasia at one or three months
after  wounding. [165], Copyright 2013. Creative Commons Attribution license.
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Fig. 13. Preparation, characterizations, and adhesion prevention effects of bFGF/DGNs-PLLA electrospun fibers. (A) Preparation process of bFGF/DGNs-PLLA electrospun fibers.
(B)  SEM images of electrospun (a) PLLA, (b) bFGF-PLLA and (c) bFGF/DGNs-PLLA fibers. TEM images of electrospun (d) PLLA, (e) bFGF-PLLA and (f) bFGF/DGNs-PLLA fibers.
Yellow arrows indicate the DGNs embedded into fibers with thickened regions of PLLA visible around them. (C) Everyday release of bFGF from the electrospun bFGF-PLLA
(red  circles) and bFGF/DGNs-PLLA (black squares) fibers. (D) Parameters for peritendinous adhesions: extent of adhesion, (E) severity of adhesion, (F) histologic evaluation
of  tendon adhesions, (G) histologic quality of tendon healing and (H) vascular prominence and angiogenesis, 21 days after surgery. §P < 0.05 compared with control; †P < 0.05
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ompared with group treated with the PLLA membrane; *P < 0.05 compared with g
endons/group. [200], Copyright 2013. Reproduced with permission from Elsevier Lt
o  the web version of this article).

ures of the non-woven micro/nanofibrous structure are analogous
o the natural ECM in skin [169]. Furthermore, the biocompati-
le electrospun membrane always produces interconnected pores
ith a high porosity, which can provide a feasible approach to add

ntibacterial drugs when utilized as a wound dressing. The elec-
rospun mat  could not only eliminate the post-surgery adhesion
ignificantly but also improve the healing of injured skin [170,171].
.3.1. Wound dressings
It is necessary for an ideal wound dressing material to support

n antimicrobial environment, to prevent infections and eliminate
treated with the bFGF-PLLA membrane. Data are expressed as mean ± SD for eight
 interpretation of the references to colour in this figure legend, the reader is referred

invasion of pathogens in the wound. Of note, silver nanoparti-
cles have strong inhibitory and antibacterial activity against a
series of microorganisms [172]. Previous reports suggested that sil-
ver nanoparticles could be successfully synthesized by using leaf
extracts of Piper nigrum and no chemical reagents were intro-
duced during the biosynthesis [173]. Additionally, biosynthesis
of the silver nanoparticles belongs to an eco-friendly and cost-
effective approach for large-scale production. On this context,

silver nanoparticles have been increasingly used in biological or
therapeutic applications due to their low toxicity to human cells
and antimicrobial activity, such as medical devices, wound dress-
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ngs, and textile fabrics [174]. Incorporating biosynthesized silver
anoparticles into electrospun PCL membranes for wound dress-

ng applications has been reported recently. The obtained material
howed excellent antibacterial activity against both Gram-negative
E. coli) and Gram-positive (S. aureus) bacteria, suggesting superior
bility at preventing bacterial colonization in the wounds [175].

Multidrug-resistant (MDR) wound infection is very harmful
ecause few available drugs are against MDR  Gram-negative bacte-
ia [176]. Several antibacterial nanomaterials are effective against
DR  bacteria-caused wound infection, including zinc oxide, silver,

ellurium, titanium dioxide (TiO2), and copper oxide nanoparti-
les [177,178]. However, these nanomaterials can be cytotoxic or
emolytic. Thus, exploring wound-dressing materials to protect
gainst MDR  bacteria is extremely necessary. A unique kind of
ound dressings has been designed recently through doping 6-

minopenicillanic acid-coated gold nanoparticles (Au − APA) into
lectrospun PCL/gelatin fibers, which was demonstrated with the
bility to guard against MDR  bacteria-caused wound infection.
aken together, a remarkable antibacterial activity, outstanding
iocompatibility, and an in vivo bacteria-infected wound-healing
apability of such Au − APA/PCL/gelatin scaffold presented great
otential in wound-dressing applications, even in the case of MDR
acteria [179].

In addition to an antimicrobial environment, an ideal wound-
ressing material should also possess excellent mechanical
roperties for replacement of the dressing. In general situations,
ynthetic polymers possess good mechanical strength, but poor
ell affinity. The blending of synthetic and natural polymers over-
omes these shortcomings and brings together their merits from
ach form of the polymer. Polyurethane (PU) is widely accepted in
he field of wound dressings because of its excellent oxygen per-

eability and barrier properties, as some clinical wound-dressing
aterials with the trade-names of TegadermTM and Op-Site

®
that

re based on PU [175]. However, the poor hydrophilicity of PU
estricts their applications in wound dressings through prevent-
ng fluid exuding from the wound surface [180]. Keratin is a novel
brous protein that forms outer coverings of the body, such as
ool, hair, and nails. Recently, keratin has been attractive in skin
ound repair and regeneration for its outstanding biocompatibil-

ty and biodegradability [180,181]. An advanced PU/keratin/AgNP
anofibrous mat  has been successfully developed for wound
ressings. Results from a histological examination indicated that
hese biocomposite mats remarkably promoted wound healing, in
omparison with conventional gauze sponge dressing [182]. Con-
idering their excellent antibacterial properties, biocompatibility,
nd very mild inflammatory responses, PU/keratin/AgNP mats are
romising to be utilized as a wound-dressing material for skin repa-
ation.

Hypertrophic scarring (HS) is another challenging problem that
ften occurs following severe surgical incision, which belongs
o a dermal fibroproliferative disorder [183,184]. HS is nor-

ally characterized by neovascularization, excessive deposition
f fibroblast-derived ECM proteins, and persistent inflammation
185]. It was once reported that inducing apoptosis of human
ypertrophic scar fibroblasts selectively inhibited HS growth [186].
-Rg3, a saponin extracted from Red Panax ginseng, is found

o be able to reduce the generation of new blood capillaries
y inhibiting the expression of vascular endothelial growth fac-
or [185,187], which further prevents HS formation. G-Rg3/PLLA
lectrospun fibrous membranes have been designed using hexaflu-
roisopropanol (HFIP)/DCM as the co-solvent in a one-step process
Fig. 12). This membrane was used to suppress the hypertrophic

car formation in vivo by covering full-thickness skin excisions
165]. The fabrication process allowed successful incorporation of
he G-Rg3 within the fibrous membranes in an amorphous state.
he electrospun fibrous G-Rg3/PLLA dressings exhibited a gradual
r Science 90 (2019) 1–34

release profile for more than 30 days and meanwhile was  able to
minimize HS formation by decreasing the hSFs proliferation, dermis
layer thickness, and a number of collagen fibers [188].

2.3.2. Anti-adhesion membranes
Post-surgery tissue adhesion often occurs after plastic surgery

and repair operations of abdomen, pelvis, and tendon [189]. It not
only complicates a secondary surgery, but also causes several post-
surgical problems, including functional obstruction, chronic pain,
and female infertility [190,191]. Electrospun mats can be employed
as a physical barrier and a drug carrier simultaneously, there-
fore, numerous investigators have focused on using electrospun
fibrous membranes to prevent postoperative adhesion [192,193].
A bilayer electrospun fibrous membrane that composed by a core
of hyaluronic acid (HA) and a shell of PCL has been investigated the
anti-adhesion efficacy in a rat cecum abrasion model [194]. It was
found that the bi-layer system exhibited excellent tensile strength,
hydrophilicity, and flexibility. More importantly, the bilayer fibrous
membrane-treated animals showed a lower adhesion score than
the pure PCL membrane-treated animals [194]. This suggested that
the bilayer membrane efficiently prevented the adhesion forma-
tion in vivo in the abdominal cavity. By analysis, the outer PCL
layer played the anti-adhesion role through preventing the intra-
abdominal adhesion from surrounding tissue, and at the same time,
such inner HA/PCL layer efficiently decreased adhesion formation
by modulating fibrinolysis.

In many surgeries, antibiotics have been employed for infection
prevention and alleviating adhesion formation. While, antibiotics
are limited in inhibiting the fibrin connection with nearby normal
tissues, and the physical barriers might bring the postopera-
tive infection [195]. Silver is famous with its strong antibacterial
activity and physical−chemical properties. PLLA fibrous mem-
brane loaded with both ibuprofen and low concentrations of Ag
nanoparticles has been reported recently, which is highly effec-
tive at infection prevention and adhesion inhibition, especially
compared with other single systems previously described [193].
Similarly, silver nanoparticles-loaded electrospun HA/PCL mem-
branes also exhibit great potential in preventing bacterial infection
after tendon surgery. This dual-functional anti-adhesion barrier is
composed of emulsion electrospun nanofibers, in which the HA
solution and the photo-reduced silver nitrate/PCL solution act as
core and sheath, respectively. Furthermore, a rabbit flexor tendon
model is employed to confirm the efficacy of HA/PCL+Ag membrane
in alleviating peritendinous adhesion and infection [196].

The poor gas permeability of traditional anti-adhesion devices is
another main reason resulting in a very high risk of the infection and
inflammation to occur. In our recent work, the atorvastatin (ATV)-
loaded thermogel plus porous PLA film was  prepared to prevent
peritoneal adhesion, where PLA film was used to prevent the fibrin
bridge-connections, and ATV was  released to achieve the anti-
inflammatory effect. The high porosities of PLA film and thermogel
increased the gas permeability and anti-inflammatory responses
synergistically. The in vivo results fully verified that such porous
PLA film with ATV-loaded thermogel had great potential for a wide
range of clinical applications due to its excellent anti-adhesion and
anti-inflammation capacity [197].

An ideal anti-adhesion membrane should also contain growth
factors that can improve the efficiency of tissue healing. Basic fibro-
blast growth factor (bFGF) is a representative bioactive agent that
can positively affect tendon reparation [198] by stimulating cellular
differentiation, angiogenesis, and matrix synthesis [199]. As shown
in Fig. 13, to secure the stability of bFGF dextran glassy nanoparti-

cles (DGNs) encapsulated with bFGF were electrospun into a PLLA
copolymer fiber. The bioactivity retention of bFGF was verified
according to cell proliferation and tendon healing rates. The barrier
effect of the electrospun membrane to prevent peritendinous adhe-
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Fig. 14. Preparation and characterizations of MWNT  films and their sensing response to different analytes. (A) Schematic representation of fabrication steps of a chemiresistive
sensor based on MWNT-film coated electrospun fiber mat. (B) SEM images of ES fibers coated with MWNT  films, where n indicates the number of bilayers (2, 5, and 10,
respectively) in (MWNT-COO−/MWNT-NH3

+)n films. (C) Correlation of cumulative weight to layer pair number of MWNT  films. The straight line is a linear fit. (D) Sheet
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oncentration at room temperature. [214], Copyright 2013. Reproduced with perm

ion was also evaluated for clinical concerns [200]. As seen through
n vivo experiments, such bFGF/DGNs-loaded PLLA fibrous mem-
rane completely secured the biological activity of bFGF, release
FGF sustainably, and enhanced intrinsic tendon-healing ability,
hich promoted tendon healing and realized adhesion-prevention

t the meantime.
Currently, the prevention of peritoneal adhesion based on

ntegrating pharmaceutical therapy and physical isolation in one
latform is still challenging. First, the poor hydrophilicity and
he low bioadhesion ability of normal polymer anti-adhesion

embranes decrease the healing efficacies. Second, the obviously
ifferent release behaviors of various drugs limit their synergistic
ffects. In the context, a kind of highly bioadhesive polymer mem-
rane with core − sheath structure has been designed, where an

ntegrated effect of physical isolation and pharmaceutical treat-
ent synergistically prevent the peritoneal adhesion. Specifically,

iclofenac sodium (DS) and10-hydroxycamptothecin (HCPT) were
rst used to form the core and sheath of nanofiber, respectively.
fterward, ultraviolet-ozone (UVO) treatment was conducted for

mproving hydrophilicity and bioadhesion. Due to the core − sheath
tructure, both drugs presented sustained release profiles, for the
ossessing the ideal cytostatic and anti-inflammatory effects, high
nti-adhesion capacity, and great potential in clinical applications
201].

.4. Others
In addition to the above-mentioned biomedical applications,
lectrospun polymer nanofibers have been steadily extended into
ther fields in recent years, including sensors [202,203], rein-
lized and thiourea-functionalized MWNT/ES fiber electrodes to different analytes.
t room temperature except DMMP,  which was used at ∼6% of its equilibrium vapor
from John Wiley & Sons Inc.

forcement [204], sound absorption [205], filtration systems [206],
and electrodialysis separation [207]. A kind ultralight electro-
spun fiber/spongy composite structure has been reported recently,
which has a density as low as 2.7 mg/cm3 and a corresponding
porosity of 99.6%. It is prepared per the following five steps, that
is electrospinning, UV crosslinking, mechanical cutting, suspend-
ing the cut fibers in liquid dispersion, and finally freeze-drying
[208]. Interestingly, such ultralight highly-porous scaffold with
extremely low specific surface area and density also shows a
surprisingly-reversible bendability and compressibility, and no
structural destruction is observed, providing a great potential for
the preparation of biomimetic polymer-based sponges. There is a
broad spectrum of applications for these multifunctional materi-
als including efficient filters, insulators, electrodes, catalysts, and
shape-responsive materials, which will be briefly introduced in this
section.

2.4.1. Sensors
Fluorescent polymer nanofibers are promising candidates in

the applications of nano-optoelectronics, nano-photonics, light-
emitting diodes, and chemical sensors, due to their flexibility,
charge transportability, and compatibility [209]. Doping small
fluorophores onto low-cost polymers is an alternative route
to produce cost-effective and high-performance optical devices.
A highly-sensitive sensor has been synthesized recently for
nitro-compounds. The sensing composite nanofibrous film exhib-

ited high quenching efficiency and immediate response toward
2,4-dinitrotoluene (DNT) vapor, which were ascribed to an
improved MePyCz exciton migration in PEG [210]. Similarly, an
optical-chemical sensor has been obtained by electrospinning
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Fig. 15. Preparation and properties of the hydrogel-scaffold composite. (A) Illustration of preparation of hydrogel−scaffold composite. (B) SEM images of melt-electrospun
fibrous constructs produced for hydrogel reinforcement with (a) 0–90◦ lay-down (LD) pattern and 800 �m line spacing (LS) and (b) magnified portion of the highlighted
inset,  (c) 0–60–120◦ lay-down pattern and 800 �m LS and (d) magnified portion of the highlighted inset. (C) Stereomicroscopy images (constructs stained with red dye) of
(a)  10% gelatin methacrylamide (GelMA)/0.5% hyaluronic acid − methacrylamide (HAMA) hydrogel alone (b–e) and fibre-reinforced hydrogel samples having (b) 0–90◦ LD
pattern and 800 �m fibre spacing (FS), (c) 0–90◦ LD and 400 �m FD, (d) 0–60–120◦ LD and 800 �m FD, (e) 0–60–120◦ LD and 400 �m FD fibrous constructs. The icons showed
a  schematic representation of the type of reinforcement used for each construct. (f) Effect of hydrogel matrix properties on compressive Young’s modulus of fiber-reinforced
10%  Gelma hydrogels polymerized with 10, 15, or 20 mM ammonium persulfate (APS) in comparison to the hydrogel alone group. (g) Effect of architecture of reinforcement
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0–90◦ and 0–60–120◦ LD with 400 �m FD) on compressive Young’s modulus of fib
hat  of hydrogel alone group. All tests were conducted at 0.01 mm/s  strain rate (n = 5
td  (For interpretation of the references to colour in this figure legend, the reader is

AA − poly(pyrene methanol) (PAA − PM)  followed by thermally
rosslinking with PU latex mixture solutions. However, owing to
he random fiber orientation as well as a small bearable strain, some
pplications of such nonwoven mats are extremely limited, like
he cutting-edge flexible electronic devices [211,212]. To this end,

 patterned PANI/PVDF nanofibrous membrane with ideal electri-
al and physical − mechanical properties has been fabricated via
 cost-effective strategy of electrospinning and in situ polymeriza-
ion. Due to such well-organized structure, nanofibrous PANI/PVDF
train sensor can measure and withstand a strain of 2.6 times
inforced 10% GelMa hydrogels with different APS concentrations in comparison to
.05, ***P < 0.001). [218], Copyright 2015. Reproduced with permission from Elsevier
red to the web  version of this article).

higher than other common nonwoven sensors. Furthermore, the
strain sensor can also be used to detect finger motion in a fast
and repeatable response. These interesting features endow the pat-
terned nanofibrous membranes a promising application of in the
field of stretchable electronic devices [213].

Compared to conventional film sensors, electrospun films gen-
erally show higher sensitivity and response to DNT and metal

ions, such as Fe3+ and Hg2+. This significant enhancement of sen-
sitivity is ascribed to the high specific surface area of the porous
structure [202]. Introduction of conductive materials into textiles
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Fig. 16. Preparation of PVDF films based micro-perforated panel absorber (MPPA) and evaluation of its absorption properties. (A) Schematic of proposed PVDF-MPPA structure.
(B)  A resonant shunted piezoelectric structure assumed the force in the jth direction and electric field in the ith direction. (C) Photos of perforated PVDF piezoelectric film
(left)  and customized cavity (right). (D) Absorption performance of PVDF-MPPA in an open circuit (black line), in a short circuit (blue line), and in a resonant circuit (pink
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ine).  (E) Absorption performance of PVDF-MPPA with different resonant circuits: t
blue  line). [233], Copyright 2015. Reproduced with permission from Elsevier Ltd (F
he  web version of this article).

urther develops the smart devices and wearable electronics, for
nstance, the real-time detecting and monitoring chemicals in the
nvironment for security. It was reported that the vacuum-assisted
bL-assembly process enabled conformal coatings of function-
lized MWCNTs on electrospun fiber mats [214]. Afterward, a
ovalent-attachment of the thiourea-based receptor to the amine
roups on the MWCNTs films was conducted to strengthen the
imethyl methylphosphonate (DMMP) sensing response, simulat-

ng the sarin nerve agent (as shown in Fig. 14). In summary, it
s an easily-scalable strategy to generate intelligent devices and

earable electronics based on flexible CNT-based sensors.

.4.2. Reinforcement
Electrospun micro/nanofibers are regarded as promising candi-

ates for composite reinforcement. The large specific surface area
f the electrospun fibers facilitates interfacial adhesion between
llers and matrices, and electrospun fibers are generally contin-
ous with few fiber ends [215], where the stress concentration

s hard to occur. With regard to the epoxy and rubber matrix,
ncorporation of electrospun nanofibers substantially improves
heir mechanical properties [216]. Additionally, some latest stud-
es reinforced the thermoplastic matrices by employing the same

ethod. After incorporating with low content of nylon-6,6 (PA-6,6)
anofibers, significant improvements in tensile strength, modulus,
nd toughness were presented, which was ascribed to the increased
rystallinity and during the hot-compaction the impregnation of
igh-density polyethylene (HDPE) melt [217]. Fig. 15 illustrated

he reinforcement of hydrogels by introducing some defined melt
lectrospinning writing (MEW)  fiber architectures, where a drastic
ncrease in the mechanical performance at high strain rates was
chieved [218]. Tensile modulus and failure properties of these
t resonant circuits parameters (black line), the second set (pink line), the third set
rpretation of the references to colour in this figure legend, the reader is referred to

fiber-reinforced composites were closely determined by the fiber
network pattern [219]. Similarly, compression, tensile, and bend-
ing strength of the electrospun nanofiber/aerogel composites were
dramatically enhanced 32, 24, and 3-fold, respectively, in com-
parison with the pure aerogel. Electrospinning belongs to a facile
method to prepare aerogel composites with high strength and
excellent thermal insulation [220].

Regarding the fiber-reinforced polymer composites, after inte-
grating strong fibers and polymer matrix into one entity, these
materials will present a combination of desirable properties, which
is unable to be acquired in any single materials [221]. However,
conventional fiber-reinforced polymer materials generally yield
non-transparent composite films, which are extremely limited in
many optical applications of windows, canopies, and electronic
devices [2,222,223]. Nanoscale fibersn solve this problem perfectly
because the nanomaterial size is less than the wavelength of visi-
ble light which will significantly reduce the loss of light [224]. It
was once reported that an optically-transparent composite film
which was reinforced by 50 nm-size bacterial cellulose nanofiber,
had a light transmittance as high as 80% even though the fiber
content was 70 wt%  [225,226]. Additionally, utilizing randomly-
oriented nanofibers becomes another attractive choice to acquire
an improved mechanical strength and maintain the desired light
transmittance at the same time. In short, these studies will lay
a solid foundation toward preparing high-performance polymer
composites for various industrial applications.
2.4.3. Sound absorption
Noise pollution is one prevalent nuisance in urban settings

and has significant negative effects on human health. Generally,
conventional acoustic foams have the ability to absorb univer-
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Fig. 17. Preparation and evaluation of electrospun nanofiber film for high-efficiency transparent air filter. (A) Preparation of air filter based on electrospinning method. (a)
Schematic showed the fabrication of transparent air filter by direct-spinning on a conductive mesh, and image of corresponding filter. (b) Schematic showed the fabrication
of  transparent air filter by transferring electrospun nanofiber film onto a plastic mesh and image of corresponding filter. (c) Schematic showed the transfer of freestanding
electrospun nanofiber film and photograph of corresponding film. (B) (a) Transmittance of filters of same size (25 cm2) fabricated by transfer method and direct-spin method
at  different electrospinning time. (b) Time required to obtain circular freestanding nanofiber films of 70% transmittance at different diameters through two methods. (c)
PM2.5 removal efficiencies of transparent filters from two  methods at different transmittances (PM, particulate matter). (d) PM10−2.5 removal efficiencies of transparent filters
from  two methods at different transmittances. (e, f) SEM images of nylon-6 (PA-6) nanofibers before and after filtration. Scale bars in e and f are 2 �m.  (g) Flow velocity field
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n  the vicinity of an inhomogeneous nanofiber filter. Black spots represent for nanofi
oundary is the outlet (1 atm). The spacing between nanofibers is sparse at the cent
esults in high flux and therefore high penetration of PM.  [248], Copyright 2016. Re

al sound at the high-frequency region. While, noise at middle-
nd low-frequency always bring more harm to the human body,
rging the development of various sound-absorbing materials.
wing to the excellent viscoelasticity, high specific surface area,
asy processing properties, and continuous porous structure, elec-
rospun fiber-based polymer materials is promising in the field
f sound absorption, where the noise absorption efficiency is
xpected to rise exponentially due to a drastic increase in the

nteraction sites between air molecules and fiber surface [227].
s Ma  et al. once demonstrated, electrospun fibers have good
coustical damping performance in both low and medium fre-
ith diameter of 100 nm.  The air flow (0.2 m/s) comes from the bottom, and the top
d dense at the edge. (h) Flux at different spacing between nanofibers. Large spacing
ced with permission from the American Chemical Society.

quency range (100–2500 Hz), making them promising candidates
as the environment-friendly material for reducing noise [228].
In addition, it was indicated that with increasing the membrane
thickness [229,230], the back cavity, as well as the surface den-
sity of nanofiber layers, the first resonance-absorption frequency
of nanofibrous membranes shifted to a lower frequency [231].
Meanwhile, the flow resistivity increased with a decrease in
fiber diameter. Due to the high flow resistivity and low stiff-

ness of fiber, laminates comprised of the thinnest silica fiber
showed the highest sound absorption as well as sample vibra-
tion.
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More recently, a sound-absorption material has been proposed
ased on the electrospun PVDF/CNTs or PVDF/graphene compos-

te membranes. As we all know, these composites always exhibit
uperior piezoelectric properties compared to some conventional
lectrospun polymers [232]. As a piezoelectric composite mate-
ial of PVDF/CNTs is subjected to stress, an electrical potential or
oltage proportional to the force magnitude is generated, making
he material optimal for converting mechanical energy to electric
roperty. Fig. 16 showed a piezoelectric audio transducer, which
onverted sound energy into electric voltage and voltage into sound
ressure in turn [233]. As a result, piezoelectric materials well
educed noise and were employed in sound-absorbing and energy
cquisition. By this concept, CNTs or graphene were considered to
e introduced and then coelectrospun with PVDF to improve the
embrane piezoelectric properties. By comprehensively examin-

ng the effect of CNTs or graphene on the piezoelectric properties of
omposite nanofiber membranes, it was found that adding CNTs or
raphene drastically improved the piezoelectricity through inter-
acial polarization, which were efficient in converting sound energy
t low-frequency region [234,235]. In conclusion, the electrospun
VDF/CNT or PVDF/graphene nonwoven has excellent potential as
ound absorber due to its favorable absorption performance in low-
requency regions.

.4.4. Filtration
The electrospun nanoweb for liquid separation and particulate

emoval has gained increasing appeal as its large surface-to-
olume ratio facilitates the filtration efficiency by providing enough
article-capture sites [236,237]. The fiber size distribution can be
recisely controlled by tip-to-collector distance, solution concen-
ration, and feeding rate [238]. It was once reported that more
xcellent fibers and higher filtering efficiency were generated when
sing a longer tip-to-collector distance, a lower polymer concen-
ration, as well as a slower feeding rate [239]. However, widespread
pplications of the electrospun nanofiber membranes (ENMs) are
argely hindered for lacking mechanical integrity and the poor
ydrophilicity. Because of the low mechanical strength and chem-

cal instability, electrospun membranes are challenging for the
ressure-driven liquid filtration. As a result, increasing fiber − fiber

nteractions and reinforcing the mechanical properties of electro-
pun fibers via nanoparticles are promising routes to address the
ssue [240–242].

A gentle chemical-modification approach has been proposed in
ecent days, which is capable of both increasing wettability of a
anofiber mat  and binding fibers together for an increased strength
243]. Such chemical modification involves a hydrophilic polymer
amed polydopamine (PDA). After depositing the PDA onto PAN
nd polysulfone (PSu) ENMs, the junction points throughout the
onwoven are significantly increased. Moreover, to provide flexi-
ility of the carbon nanofiber (CNF) mats, tetraethoxyorthosilicate

s also added to the PAN precursor solution. Consequently, the
cquired membranes are mechanically-strong enough to withstand
ressure- or vacuum-caused filtration. It was once reported that
lectrospun membranes could efficiently reject diverse nanopar-
icles (Ag, Au, and TiO2) with variable diameters (10–100 nm)
rom aqueous solutions [244]. Similarly, water filtration mem-
ranes can be prepared by coating chitin nanocrystals onto the
andom electrospun cellulose acetate (CA) mats. In detail, the chitin
anocrystals realize a self-assembling on the CA fiber surface via
ydrogen bonding, and finally form the webbed-structures, so as
o guarantying superior mechanical properties [245]. Such coated-
embranes exhibit high hydrophilicity and improved resistance
o fouling. All these works open up more mainstream and efficient
pplications for separation technology, such as water purification
rior to reverse osmosis or the pre-filters to minimize fouling.
r Science 90 (2019) 1–34 27

In addition to the liquid separation, another serious environ-
mental issue is the particulate-matter pollution. Considering the
mixture of solid and liquid droplets poses a considerable threat to
public health, a new type of filter technology is urgently required
[246]. Previously, individuals have made transparent filters by elec-
trospinning polymer nanofibers directly onto a conductive mesh
[247]. However, a highly-nonuniform electric field distribution is
presented across the entire surface of the conductive mesh, thus
resulting in a nonuniform deposition of polymer nanofibers as
well as a low efficiency of air filtration [247]. Following this, a
new fabrication process for making uniformly-distributed poly-
mer  nanofibers has been developed. As shown in Fig. 17, this high
throughput method is fast transferring electrospun film from a
roughed metal foil to a mesh substrate, instead of metallic mesh.
Afterward, the nanofibrous polymer mats are peeled off from the
foil and transferred onto mesh [248]. Compared with the direct
electrospinning, such transfer method possesses 10-times faster
production speed and higher filtration efficiency while under the
same transmittance. This is caused by the uniformity of the trans-
ferred nanofiber film. With these advantages, it is reasonable to
predict that the transparent air filter with enhanced filtration per-
formance can be widely-utilized as commercial products.

3. Summary and outlooks

This review covered recent advances and the diverse biomedical
applications of fabricating fibrous matrices via electrospinning pro-
cesses, including pharmaceutical repositories, tissue engineering
scaffolds, wound healing, sensors, reinforcement, sound absorp-
tion, and filtration. Compared to other nanofiber fabrication,
electrospinning is superior in preparing ordered or complex fibrous
assemblies, depending on several innovative techniques, such
as rotating collector, coaxial electrospinning, post-processing of
as-spun fibers, multilayer electrospinning, and surface function-
alization with biological molecules. Much progress have been
realized in the design and modification of electrospun fibers dur-
ing the past two decades. Nevertheless, there are still considerable
challenges ahead that need to be addressed.

Firstly, production of the electrospun fibers at the industrial
level is always restricted by the poor consistency and low efficiency.
With the aim of facilitating a transition from laboratory to indus-
try, a few approaches based on modification of the electrospinning
apparatus have been developed. For example, incorporation of
multi-spinneret systems during the electrospinning process is able
to achieve commercially feasible scale compared with a single
needle [249]. Meantime, different geometries for the multiple spin-
nerets further open the possibility of fabricating fibers with various
structures and multi-functionalities by employing different mate-
rials. Unfortunately, variation in the electric field generally forms
because the jets are placed close to each another and then causes
undesirable changes on nanofiber morphology [250]. In addition,
free surface electrospinning has been proposed recently to spin
large volumes of polymer solution without clogging, while mor-
phology and smoothness of these resultant fibers have limited
reproduction ability [251,252].

Secondly, a precise control of average fiber diameter (below
100 nm)  and its distribution within a wide range remains a techno-
logical bottleneck to achieve, which is currently relied on regulating
some interrelated variables, including the spinneret design, elec-
tric field intensity, solution concentration, flow rate, and collection

distance [253,254]. However, through these approaches to control
fiber diameter is extremely limited. For instance, the diameter of
most electrospun fibers produced from solution is varied with the
concentration due to the solvent removal, while the limited change
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f spinnable solution concentration results in finiteness of fiber
iameter changes [255].

Last but not least, for electronics, photonics, drug delivery, and
issue engineering, the random morphology of fibrous mats may
estrict the potential developments of electrospun fibers. Although
here are several set-ups designed like rotating drum collectors
ave been widely accepted to achieve fiber alignment, it is still
ot able to develop highly-aligned membrane with a substantial
hickness. This complication is presented because of the electro-
tatic repulsion between deposited and coming fibers [256]. It was
eported that the ultrasonication post-treatment or hydration of
rosslinking was able to increase the overall thickness of nanofiber
heets from 0.20 to maximum 1.25 mm due to the formation of
oosening structure, while at the cost of weakening mechanical
trength and molecular weight [257,258].

Due to these limitations as summarized, practical applica-
ions of polymer micro/nanofibers are relatively confined thus
ar. Therefore, further development in optimizing the industrial-
cale production and clinical performance of electrospun matrices
ill be crucial. With ongoing interdisciplinary research involving

hemists, biologists, engineers, and clinicians, applying electrospun
olymer biomaterials toward real-world biomedical applications
re foreseen to become commercially viable.
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