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Abstract Electrospinning (electrostatic fiber spinning) is
a modern and efficient method which uses electric field to
produce fine fibers which their diameter can reduce to
nanometers. These fibers have wide applications in indus-
try such as filtration, composite materials, medical, mem-
brane, etc. In this paper a review of electrospinning
process, its products and applications are explained.
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History of electrospinning

The history of electrospinning is traced back to 1902 based
on Cooley pattern [1] and Morton [2]. John Zeleny had
reported that in 1914 he was working on treatment of liquid
drop at the end of iron capillaries. During this study, he
tried to find a mathematical model of liquids under elec-
trostatic forces. In the 1930s, Formhals tried to produce
electrospun fibers [3-6]. Although it had some disadvan-
tages such as drying system (due to distance between
nozzle and collector), he modified the device and improved
itin 1940 [5, 7]. Sir Geoffrey Ingram Taylor had generated
the electro-spinning theoretical underpinning between 1964
and 1969. His research has helped to upgrade the electro-
spinning by modeling the hopper form which liquid drops
were formed by electric field. Also his collaboration with
JR Melcher led to expand the “leaky dielectric model” for
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conducting liquids [8-10]. After that in the 1990s Reneker
used high voltage to charge the polymer dispersion to
produce fibers with diameter of less than 5 um [11-15].
Figure 1 shows a schematic of electrospinning device
which contains a reservoir of polymer dispersion with a
pump, a high-voltage source, a nozzle and a conductive
collector. Based on electrostatic field between nozzle and
collector, the polymer solution is collected on the surface
of collector screen [16].

Electrospinning process

Many theoretical researches on electrospinning process
have been done by many teams and groups [17-19]. At the
end of the 1500s, Sir William Gilbert explained the
behavior of electrostatic and magnetic emanation. He
found that by affecting the water droplet by electrostatic
field, the water gets cone and hopper shape, and a droplet
extrudes from the head of the hopper. This formed the first
process of electro-spraying. Electrospinning can be viewed
as a kind of electro-spraying. As with electro-spraying, the
raw material of electrospinning is linked to a high-voltage
power supply to enhance the liquid electrostatic potential.
High molecular degree of polymers is always used as raw
materials based on their inter-molecular interaction. The
surface charge of liquid and electrostatic potential have
direct relationship; so by increasing or decreasing one of
them, the same action will happen for another one. Usually
by surface tension, the volume shape of fluid is deducted.
By charging the fluid, the surface charge acts in the reverse
manner to surface tension, resulting in the fluid changing
shape, forming the structure known as the Taylor cone [8].

Many parameters influence electrospinning of fibers and
because of this, the study and research in this field are hard.
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Fig. 1 Different collectors of
electrospinning [36]

For instance, by increasing 0.25 wt% of ionic salts, the rate
of mass transferring due to a phenomena known as the
“virtual orifice” is reduced [20]. In the following, some of
these important parameters have been discussed.

Collector

The physical properties of electrospun fibers (such as
crystal morphology and molecular orientation) are affected
by the nature of collectors [21-23]. The most commonly
used collector is rotating drum collector which is shown in
Fig. 1. With this collector (due to drum speed), the diam-
eter of the fiber can be controlled [24, 25]. Rotating disk is
used for creating uniaxial aligned fibers. The most impor-
tant benefit of using disk collector instead of drum collector
is that large number of the fibers are residue on the disk
edge and the aligned fibers are gathered as nano fibers [26—
30]. Another kind of collectors is using two or more par-
allel electrodes so that excellent alignment can be obtained
on each electrode based on air holes through the electrodes
that cause electrostatic rebuttal between the fibers [31-33].
Fibers (isotropic/anisotropic) are affected by speed and
type of collector disc or drum. The speed of collector can
improve the crystal orientation of fibers due to polymer
molecular chains’ alignment in the direction of fiber axis
which is obtained due to the force of rotational speed of
collector [34]. It must be mentioned that using high-speed
rotational collector can cause create ventilator effect and
evaporation of solvent [35].

Applied voltage

The applied voltage in electrospinning has an important duty
in ultimate fiber characterization. The forwarding of charge
in electrospinning is because of polymer flow towards the
collector and the polymer mass flow from the nozzle has
direct effect on decreasing or increasing the current.

* @ Springer

Increasing the voltage can cause increase in the spinning
current [37]. Increasing spinning current can lead to inci-
dence of beaded morphology, and this structure can reduce
the surface area. Increase or decrease in applied voltage can
cause change of morphology and structure of fibers [37].
The study shows that the increase in voltage leads to
increase in fiber length and decrease in fiber size [38—40].

Distance between nozzle-collector

The other parameter that has affected morphology, struc-
ture, physical and chemical properties of electrospun fibers
is the distance between nozzle and collector. It has the direct
effect on final fiber properties based on evaporation rate,
deposition time and inconsistency interval. The studies
show that by decreasing the distance between nozzle and
collector, we have wet electrospun fiber which has beaded
structure. Also in some fibers the morphology of final fibers
has changed from circular shape to flat shape [38, 40]. On
the other hand, the study shows that for aqueous polymer
dispersion, more distance is needed to dry the fiber [40].

Dispersion flow rate

The other effective parameters on physical and chemical
properties of produce fiber is polymer flow rate. Change in
the rate of polymer flow (from the syringe of electrospin-
ning device) causes change in fiber morphology. By
increasing the flow rate, the diameter of the fiber is
increased and beaded morphology is observed [38, 41-43].

Electrospun products
Based on electrospun special characters such as diameter,

production process and fiber filament, these fibers have
received much attention for use in many applications.
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Table 1 Comparision the different method of producing nano fiber

Process Can the process  Control on fiber ~ Advantages Disadvantages
be scaled dimensions
Drawing X X Minimum equipment requirement Discontinuous process
Self-assembly X X Good for obtaining smaller nano fibers Complex process
Phase separation X X Minimum equipment requirement. Process can Limited to specific
directly fabricate a nanofiber matrix. Batch-to- polymers
batch consistency is achieved. Mechanical
properties of the matrix can be tailored by
adjusting polymer concentration
Template synthesis X v Fibers of different diameters can be easily achieved — —
using different templates
Electrospinning 4 4 Cost effective. Long, continuous nanofibers can be Jet instability

produced

Some of the more active areas of application are composite
fibers, carbon nano tubes, inorganic fibers and tissue
scaffolds. In composite electrospun fibers, preparing
polymer dispersion of different material is very simple.
Therefore, it is possible to produce various fibers with their
own and new characteristics [44—49]. Producing inorganic
fibers with nano diameter is not easy. Table 1 compares the
different methods of producing nano fiber. The usual
method is coating the electrospun matrix with inorganic
materials by chemical sinter [50]. One of the usages of
electro-spun fibers is tissue scaffolding. The porosity and
high surface area of the nonwoven electrospun mat causes
development of tissue scaffolding. It has free area between
the fibers with a scale of length to cell size about 1-10 pm
[51]. In 2006, Ohkawa et al. reported the electro-spinning
of natural polymer chitosan [52]. Also, Schiffman et al.
showed Schiff base cross-linked chitosan mats using
electrospinning which achieved more faster [53]. On the
other hand, regenerated fibroin of silk dispersion in formic
acid has been electrospun by Min et al. whose fibroin
consists of a quarter alanine and 42 % glycine [54]. Soffer
et al. also electrospun nonwoven nanofibers from Bombyx
mori silk fibroin using aqueous process. Mechanical char-
acterization tests show fantastic results [55]. Many authors
studied and reported about electrospinning of collagen (one
of most usual proteins) from 1,1,1,3,3,3-hexafluoro-2-pro-
panol [56-59], but Zeugolis et al. report that most of its
properties were lost during electrospining from 1,1,1,3,3,3-
hexafluoro-2-propanol or 2,2,2-trifluoroethanol [60]. Li
et al. reported about gelatin—elastin—PLGA electrospun
composite and they succeed to produce it with a diameter
of 380 nm so that it can apply as tissue [61]. Also elec-
trospun nanofibers of gelatin-hydroxyapatite were pro-
duced by Kim et al. for guided tissue engineering [62, 63].

CNT

Carbon nano tubes (CNT) have several mechanical
characteristics such as a high modulus and high tensile
strength [64—-67]. When the carbon nano tubes are used
as reinforcement in composite, it is so hard to string
them and this is a disadvantage of CNTs. This nano-
composite cannot envisage mechanical properties that
was thought. Therefore many researches have been done
to synthesize CNTs into polymer nano fibers produced
by electro-spinning method [68, 69]. The process of
electrospinning is expected to string the CNTs from one
end of fiber to the other based on opposite conductivity
of polymer dispersion and sheer force of electrospinning
[69]. Jiang et al. reported that by electrospinning of
carbon nanotube/polyaniline, great application fore-
ground in electrochemical energy field was achieved
based on large current response, high conductivity and
specific capacity [70]. Also Maitra et al. reported that by
electrospinning of CNT/PAN, the conductivity of fiber
increases and the impression of fabrication method on
the arrangement of carbon sheets in electro-spun nano
fibers was investigated and a templating effect by CNTs
that leads to increased graphitization was suggested [71].
Electrical conductance mensuration on electrospun nano
fiber showed an electrical infiltration threshold around 2
wt% multiwall CNTs, which was reported by Mazinani
et al. [72]. Further, Rana et al. showed that electro-
spinning of poly-urethane (PU) core and composites
sheath with multiwall CNTs is very impressive for
increasing the physical properties of nano fiber. Also, the
results show that the product has rapid form restoration,
contrast with that of pure shape memory PU and PU/
MWNTs [73].
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Fiber alignment

Fibers in nano scale were almost achieved by nonwoven
techniques and they had no more applications and it was
limited to filtration [74, 75], implant coating film [40],
tissue [76] and wound dressing [77]. Aligned micro-fibers
are of specific attention to nerve-tissue engineering based
on the size and diameters of axons and myelinated nerve
fibers [78-80]. One way to acquire aligned electrospun
fibers is to sediment fibers on a rotationally, electrically
grounded wheel keen edge [81]. The wheel with a sharp-
ened is spun at a stable angular speed. The fiber flow is
extruded such that the fibers align parallel and over the
keen edge. This method includes a proportion plain
arrangement and can produce aligned fibers, but the
uttermost fiber diameter are restricted to the little area
surrounding the rotating side [33]. Next uniaxial aligned
fiber deposition target includes double magnetic pole, and
the electro-spinning dispersion is entrusted in the area
covering the magnetic poles. This method can produce
highly aligned fibers at inter-electrode distances of till
1 mm, however, the efficiency of fiber is limited because
the fiber alignment area is surrounded by the orthogonal
edges of the electrodes. Also, alignment typicality reduces
with inter-electrode distances greater than 1 mm [82].

Wound dressing

Electrospinning could generate a platform to protect
wounds. The studies show that using electric field the ultra-
fine nano fibers can be directly spun on to the injured place
of skin to form a fibrous mat dressing [77, 83] (Fig. 2).
These nano fibers which have pore size between 500 and
100 pm are suitable for protecting the wounds from bac-
teria. Many kinds of polymers such as carboxyethyl chi-
tosan/PVA [84], collagen/chitosan [85], Silk fibroin [54],

—~—

Fig. 2 Wound dressing by electrospinning [36]
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and ABA type poly(dioxanone-co-L-lactide)-block-poly(-
ethylene glycol) (PPDO/PLLA-b-PEG) block copolymer
[86] have been electrospun and suggested for wound-
dressing usages. Hong reported that he prepared electro-
spinning wound dressing of PVA/AgNO; and treated the
webs by ultraviolet or by heating [87]. As reported, Duan
et al. have also made antibacterial electrospinning nano
fibers of poly(e-caprolactone) (PCL) with little nano par-
ticles of silver-loaded zirconium phosphate (nano AgZr)
for potential use in wound dressing usage. The outcome
demonstrates that the electrospun fibers still have antibac-
terial properties [88]. Also, Kim et al. have explained an
electro-spinning device that uses a guiding air blowing
system and electrode to enable the production of wound
dressing cover of poly(e-caprolactone) nano fibers [89].
Further, Ignatova et al. reported that electrospinning of
poly-vinyl-pyrrolidone iodine complex and poly-ethyle-
neoxide/poly-vinyl-pyrrolidone  iodine = complex as
prospective route to antimicrobial wound dressing materi-
als [90]. On the other hand, effects on the early stage
wound healing of poly(3-hydroxy butyrate-co-3-hydroxy-
valerate) (PHBV) electrospun nanofiber cultured with hair
follicular cells were examined by Han et al. [91].

Filtration

Produced electrospun fibers were specified with attention to
their utilization in air filtration by measuring fiber diameter
and filtration performance of fiber covering [92]. Fiber fil-
tration is one of the most applicable fields in engineering.
For example, media fiber filters have profit of high filtration
performance and small air repellent [93, 94]. The perfor-
mance of filters is related to fiber fineness and it is one of the
most significant factors for filters. Electrospinning nano
fibers have the ability of catching oil droplets as small as 0.3
pm and this is the important property in filtration industry.
So electrospinning fibers are good candidates for removal of
unfriendly small particles. The efficiency of electrospun
nano fiber filters can be improved based on the wonderful
surface area to volume which cause to increase surface
cohesion [95]. In 2002 Emig et al. suggested a new method
for producing a bag of dust filter including a layer of nano
fiber nonwoven [96]. Xiao-Hong Qin et al. measured the
fiber diameter, hole diameter, filtration yield as well as fil-
tration repellent of nanofibers texture and sub layers, via a
series of tests. The consequences demonstrate that nanofi-
bers diameter is very fine compared with sub-layers. On the
other hand, the hole diameter of nanofibers web is very small
than sub-layers. Also, the filtration performance and resis-
tance of nanofibers webs are greater than sub-layers [97].
Many studies have reported that electrospun poly-acry-
lonitrile (PAN) has excellent filtration efficiency [98].
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Drug delivery

Electro spinning has been demonstrated as a plain technique
for manufacturing polymeric nano scale fibers. Different
kinds of artificial and natural polymers have been success-
fully electro spun into small and fine fibers. The high ratio
of surface to volume of produced fibers can increase drug
loading and cell attachment attributes. Many kinds of drugs
such as antibiotics, anticancer, ribonucleic acid (RNA) and
deoxyribonucleic acid (DNA) have been used by electro-
spun fibers [99, 100]. Using electrospinning can prepare
based capsules nanofiber including drugs to controlling
drug delivery system [101-105]. Mami Hamori et al.
reported that electrospinning of methacrylic acid copolymer
is an effective technique for drug delivery both for polar and
non-polar drugs [102]. Toncheva et al. compared the dual
spinneret electrospinning and single spinneret electrospin-
ning using poly(L-lactide) as base fibrous, and diclofenac
sodium (DS) and lidocaine hydrochloride (LHC) as drug
contain. They observed that the dual spinneret approach
allowed the ionic action and reaction between diclofenac
sodium and lidocaine hydrochloride to be resolved [106].

Conclusion

Electrospinning is a simple method to produce nano scale fibers
both in laboratory and industrially. Because of its wide appli-
cation such as medicine, filtration, textile, etc. this technique has
become one of the most acceptable methods for producing nano
fibers. In the last decade the number of researches about this
method and its applications has increased and this demonstrates
the importance of electrospinning.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
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link to the Creative Commons license, and indicate if changes were
made.
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