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Preface

With the advancement in nanotechnology, researchers are discovering new techniques for
the fabrication of materials with a variety of morphologies. These morphologies are usually
aimed at specific application. Among the various techniques reported in the literature, elec-
trospinning has gathered significant interest due to its ability to fabricate nanostructures
with unique properties such as high surface area, excellent pore interconnectivity, and flexi-
bility with reasonable strength. Electrospinning has been the most widely used technique in
the late twentieth (1990) and early twenty-first (2000) centuries. During this period, a num-
ber of new materials have been electrospun, but not much work is reported on the electro-
spinning setup. Recently, not only significant improvements have been made in the
instrument design and nanomaterials produced but also new materials have been added to
the list of electrospun materials. Thus, electrospinning, from both academic and technical
viewpoints, is presently the most multipurpose technique for the fabrication of uniform ran-
dom and aligned fibers. The importance of electrospinning can be imagined from the fact
that almost all of the polymers (both synthetic and natural origin) and many ceramic materi-
als have been subjected to electrospinning. The other most interesting aspect of electrospin-
ning is that fiber can be tuned according to its application. The prominent applications of
electrospun fibers include filtration, textiles, catalysis, and reinforcement and biomedical (in
tissue engineering, drug delivery, and antibacterial study). Despite the extensive applica-
tions, electrospun fibers are produced at a low production rate when conventional needle
electrospinning with single- or multi-jets setup is used, which hampers their mass produc-
tion. Needless electrospinning technique is the most appropriate technique, which could be
used for the mass electrospun fiber production. This book not only reviews the current sta-
tus of the knowledge of electrospinning with a critical view on the achievements and novel
perspectives but also discusses the emerging ideas and features, both from the East and
West, with a focus on needless electrospinning. As Confucius said, it is gratifying when
friends from different origins work for one purpose. The book has also comprehensively re-
ported different material systems, techniques, fiber structures, fiber properties, and biomed-
ical applications of the electrospun fibers.

Dr. Sajjad Haider

Chemical Engineering Department

College of Engineering, King Saud University
Riyadh, Saudi Arabia
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Chapter 1

Recent Trends in Electrospinning of Polymer
Nanofibers and their Applications as Templates for

Metal Oxide Nanofibers Preparation

Moustafa M. Zagho and Ahmed Elzatahry

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65900

Abstract

Scientists have been paying a special attention for the synthesis of one-dimensional (1D)
morphologies to attain new phenomena and novel physicochemical characteristics of
materials. Furthermore, 1D nanostructures exhibit long axial ratio, which has a great
influence on the physical and chemical properties of materials. It is worth mentioning
that electrospinning is one of the most common and efficient techniques used for the
preparation of 1D polymer composite nanofibers. Using electrospinning, nanofibers
were fabricated by electrostatic stretching of polymer viscous solution by applying a
high voltage. This chapter discusses the synthesis of metal oxide nanofibers such as tin
oxide (Sn0O,), zinc oxide (Zn0O), titanium oxide (TiO,), and nickel oxide (NiO) using
electrospinning process of polymer solution containing metal precursors and followed
by annealing procedures to eliminate the polymer galleries, which were chosen as a
sacrificial template for the preparation of metal oxide nanofibers. SEM, XRD, and XPS
are equipped to characterize the electrospun metal oxide nanofibers and the results
settle the formation of homogeneously distributed metal oxide nanofibers.

Keywords: electrospinning, metal oxide, nanofibers, SEM, XRD, XPS

1. Introduction

In the last decades, electrospinning attracted a vast portion of attention from both research
and commercial points of view. Scientists paid great interest for electrospinning because of
its ability to yield fibers in the submicron scale that are very hard to attain by handling
standard mechanical fiber-spinning procedures [1-5]. Electrospinning is a technology that is

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X IR
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broadly applied to fabricate polymer fibers with diameters ranging from 2 nm to several
micrometers and is also known to have unique properties such as high surface area,
controlled porosity, and mechanical strength [6-9]. The pore structure and the diameters of
the produced fabrics and nanofibers can be controlled using this technique [10, 11]. Electro-
spun fibers have been successfully used in varied applications including protective clothing,
biomedical, pharmaceutical, security, environmental engineering, chemical sensors, and
electrode materials [12-19].

Recently, electrospinning has been used in the research of natural and synthetic polymer
nanofibers [20] such as cellulose [21], polyurethanes [22], collagen [23] and hyaluronic acid
[24]. Electrospinning can be handled to obtain large quantities of fibers using two-layer
electrospinning scheme. This technique consists of a lower layer, which contains a ferromag-
netic suspension, and an upper layer, which contains the polymer solution, and the multiple
nozzles are arranged in lines or circles. One such example is the bubble electrospinning, which
is demonstrated and developed by many researchers [25, 26]. Dosunmu et al. reached high
production rates of fibers by using porous hollow tube to obtain multiple jets and by increasing
the tube length and the number of holes [27]. In addition, coelectrospinning of different
polymers has been reported to control the morphology and tailor the voids volume [28-30].

1.1. Electrospinning process

Electrospinning setup consists of a high voltage power supply, spinneret (like pipette tip), and
grounded collected plates (like metal screen) and is conducted at room temperature. Polymer
solution is charged by applying high voltage and then accelerated toward the collector, which
is of opposite polarity [31, 32]. The polymer must be dissolved first before using in electro-

Taylor Cone

Figure 1. Schematic diagram of vertical electrospinning apparatus.
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spinning and then introduced into the capillary tube. At critical voltage, the electrostatic forces
counteract the surface tension of the used polymer solution and an electrified jet is produced
and ejected from the tip of the Tylor cone and then the solvent will be evaporated and leaving
a polymer nanofiber [33, 34]. Currently, there are two standard sets of electrospinning: vertical
and horizontal. The vertical electrospinning is represented in Figure 1.

The diameters and morphology of electrospun nanofibers are measured by numerous
parameters, which are classified into solution, process, and ambient parameters. These factors
are demonstrated clearly in Figure 2.

Electrospinning
paramters

Solution
parameters

Polymer

molecular weight

Polymer
conductivity

Solution viscosity

Solution surface
tension

Solution
concentration

Process

parameters

Applied voltage

Flow rate

Tip to collector
distance

Type of collectors

Figure 2. Factors affecting on elctrospinning technique.

Ambient
parameters

Surrounding
temperature

Surrounding
humidity
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2. Polymers favored in electrospinning technique

More than 200 polymers (natural, synthetic, and copolymers) were used in electrospinning
successfully depending on their applications [35].

2.1. Natural polymers

Nowadays, polymer nanofibers are used in a wide variety of applications in various industries
and also in other arenas. Natural polymers are preferred over synthetic polymers in medical
and biological uses because of their low immunogenicity and better biocompatibility. Recent
researchers have reported the use of electrospinning process of natural polymers such as
gelatine, collagen, and silk fibroin [36—41]. It was mentioned that some natural polymers such
as collagen lose their properties after electrospinning using fluoro alcohols [42]. To resolve this
problem, highly volatile fluoro alcohol such as 2,2,2-trifluoroethanol is used during electro-
spinning of collagen [43]. Yang et al. [44] found that about 45% of collagen is lost during
electrospinning process. In addition, beads formation represents another challenge for the
preparation of natural polymer nanofibers. For instance, laminin I nanofibers are fabricated
with beads in the mesh structure and this may be related to the presence of the cross-linking
agent and these results are reported by Neal et al. [45].

2.2. Synthetic polymers

Synthetic polymers are favored over natural polymers in certain uses because synthetic
polymers can be tailored to develop the mechanical and degradation properties [46]. Certain
synthetic polymers can be used in biomedical applications with some limitations including
polylactide (PLA) [47] and polyglycolide (PGA) [48] to produce electrospun nanofibrous
scaffolds.

2.3. Copolymers

Copolymers appear as an attractive opportunity to obtain new structures with desirable
characteristics from electrospinning and also have better efficiency than that of homopolymers.
The mechanical, thermal, morphological, and biodegradability properties of polymers can be
tailored by using copolymers in electrospinning process. Incorporation of the hydrophilic
polymer of hydrophobic polyesters enhanced the cell affinity of this sort of polyesters.
Moreover, the stiffness of poly (ethylene-co-vinyl alcohol) (PEVA) is improved after the
addition of poly (glycolide) (PGA) [49]. Also, copolymerization of methyl methacrylate (MMA)
with methacrylic acid (MAA) improved the thermal stability of poly methyl methacrylate [50].
In addition to that, electrospun scaffolds produced from poly (p-dioxanone-co-L-lactide)-
block-poly (ethylene glycol) (PPDO/PLLA-B-PEG) have enhanced hydrophilicity and biode-
gradability due to the addition of PEG to PPDA-PLLA blends [51].
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3. Metal oxide nanofibers

Metal oxide materials are critically important from both the academic and industrial point
of views. Scientists have been paying a special attention for the synthesis of one-dimension-
al (1D) morphologies to attain new phenomena and novel physicochemical characteristics of
materials.

3.1. Synthesis of crystalline metal oxide nanofibers and their applications

It is worth mentioning that electrospinning is the most common technique used for the
preparation of 1D polymer composite nanofibers [52, 43]. Furthermore, 1D nanostructures
exhibit long axial ratio, which has a great influence on the physical and chemical properties of
materials. Using electrospinning, nanofibers are fabricated by electrostatic stretching of a
viscous solution of polymer composites by applying a high voltage [3]. In the recent years,
scientists have focused on the fabrication of metal oxide nanofibers such as tin oxide (SnO,),
zinc oxide (Zn0O), titanium oxide (TiO,), and nickel oxide (NiO) through the electrospinning
of polymer solution containing metal precursors and followed by annealing procedures [53—
57]. Depending on the thermal degradation of polymers, certain polymers such as polyvinyl
alcohol (PVA) and polyacrylonitrile are chosen as a sacrificial template for the fabrication of
metal oxide nanofibers. After the annealing process, the organic components will be degraded
and the metals will be oxidized by inorganic precursors giving nanofibers the desired metal
oxide.

3.1.1. Tin oxide (SnO,) nanofibers

Recently, high interest has been paid to one-dimensional tin oxide (SnO,) nanostructures. There
are various techniques designed for the synthesis of different structures of SnO,, such as
electrospinning, self-catalytic, thermal evaporation, and thermal oxidation techniques [58-62].
The metal oxide fibers are commonly employed in gas detection application. The gas-sensitive
characteristics of the prepared sensors are due to its high conductivity alterations when the
prepared sensors adsorb or desorb a very low loading of chemical compounds on its surface
[63-72]. High adsorption-desorption gas sensors in one-dimensional nanostructures were
developed using metal oxide nanofibers owing to its highly porous networks [73, 74]. The
morphological nature of the upper surface layer usually controls the molecular adsorption-
desorption process, the response, and the sensitivity of the sensors. Metal oxide nanofibers are
employed as a sensitive sheet instead of a thin film deposited by conventional processes such
as drop, spinning, and airbrush because of its large surface area and, consequently, a thin film
of metal oxide nanofibers enhances the sensitivity and the speed of the reaction.

Santos et al. [75] prepared SnO, nanofibers by electrospinning process of PVA/SnCl,.5H,0
composite followed by annealing at 450°C to eliminate PVA matrix. The fabricated SnO,
electrospun nanofibers are designed as sensitive layers for resistive chemical sensors. The
produced fibers exhibit high sensitivity, reproducibility, and quick reaction in the recognition
of triacetone triperoxide (TATP) explosive precursors in the ppm scale. In addition, SnO,
hollow nanofibers were fabricated for a high and fast detecting ethanol (C,H;OH) using

7
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polyvinylpyrrolidone (PVP) as a template, which was removed by calcination at 600°C for 2 h
[76]. The produced SnO, nanofibers have a large surface area of 26.43 m’g™" and grain sizes of
about 20 nm. Another study by Choi et al. [77] concerns the preparation of Pd-doped SnO,
hollow nanofibers for methane (CH,), H,, carbon monoxide (CO), and C,H;OH detection. They
studied the effect of temperature and Pd-doping content on the detection for CH,, H,, CO,
and C,H;OH. They noticed a dramatic variance in the selectivity for these compounds between
undoped and Pd-doped SnO, hollow nanofibers. The selective detection of C,H;OH was tested
with undoped and 0.08 wt% Pd-doped SnO, hollow nanofibers. The study showed a significant
decline in C,H;OH detection in case of using 0.4 wt% Pd when the temperature is raised from
330 to 440°C, while the responses to CH, and H, were improved and, consequently, they
adjusted the selectivity of CH, and H, at 440°C with minimum interloping to C,H;OH. It was
worth studying the enhancement of Pr-doping on the gas sensing performance due to its
effective influence on the electronic and structural characteristics of materials. Li et al. [78]
discussed the fabrication of Pr-doped SnO, hollow nanofibers for ethanol detection. They
subjected a solution of PVP, SnCl,.2H,0, and Pr(NO),.6H,O for electrospinning. The prepared
nanofibers sample was then annealed at 600°C for 2 h. It was reported that 0.6 wt% Pr-doped
5nO, nanofibers gave the highest sensitivity and response for ethanol at 300°C. This may be
related to the high surface area of the porous morphology and the increment in oxygen vacancy
leading to enhanced oxygen absorption. Furthermore, Du et al. [79] focused on the fabrication
of In,05/SnO, nanofibers for formaldehyde gas sensors using bipolar electrospinning setup of
double jets with opposite electric fields. Different sensors composition based on SnO,, In,O;,
and In,O,/SnO, nanofibers were tested at 375°C with 0.5-50 ppm of formaldehyde gas. The
formaldehyde selectivity of In,05/SnO, nanofibers is higher than that of SnO, and In,0O,
nanofibers. The selectivity values for 0.5 and 50 ppm of formaldehyde were 2.2 and 18.9,
respectively. In,O,/SnO, nanofibers have a good detection of formaldehyde in the interfere
gasses of methanol, ethanol, acetone, and ammonia. In addition, Tang et al. [80] synthesized
hollow hierarchical ZnO/SnO, nanofibers composite for methanol sensing applications. A
solution of PVP, SnCl,.2H,0, and Zn(NOs),.6H,O is used to prepare electrospun fibers, and
then subjected to annealing at 600°C for 3h. This study noted that the nanofibers of ZnO/
SnO, with a molar ratio of 1:1 exhibited an interesting methanol detection response at 350°C
in the presence of interfering gasses.

3.1.2. Zinc oxide (ZnO) nanofibers

Another metal oxide of recent interest is ZnO, which is a chemically stable, nontoxic and
inexpensive compound that exhibits high binding energy of 60 mV at 30°C and a direct band
gap of 3.37 eV [81]. ZnO is industrially applied in a wide range of uses including chemical
sensors, ultraviolet light-emitting diodes, dye-sensitized solar cells, functional instruments,
piezoelectric materials, and transparent conductors [82-85]. The morphology, crystal structure,
quality, and dimensions of ZnO control its electronic characteristics for different applications
[86, 87].

The effective structures of 1D ZnO nanofibers have a small quantum restriction of charge
carriers and this measure the performance of nanoscale devices [88-91]. Recent articles
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reported the synthesis of ZnO or ZnO-based nanofibers. Ding et al. [92] addressed the unique
characteristics of ZnO nanofibers such as high hydrophobicity, development of nanograins,
and electrical properties. The study reported the synthesis of super-hydrophobic ZnO
nanofibers through a simple combination of wet chemical and electrospinning techniques. The
produced ZnO nanofibers have been coated by fluoroalkyl silane (FAS) to obtain super-
hydrophobic ZnO nanofibers. Because of the FAS modification, the fibrous ZnO films were
transformed from super-hydrophilic (water contact angle (WCA) of 0°) to super-hydrophobic
(WCA of 165°). Electrospinning technique was designed to produce nanofibers with a smooth
surface which limits its use in some applications as the cohesion forces will be feeble, and thus
rough surface nanofibers are preferred. In this context, Barakat et al. [93] mentioned that the
electrospinning of colloidal solutions is useful for synthesizing rough surface ZnO nanofibers.
The fibers were produced by electrospinning a colloidal solution of PVA, zinc nanoparticles
(ZnNPs), and zinc acetate dehydrate (ZnAc) and then followed by calcination. Furthermore,
Zhang et al. [94] addressed the fabrication of a hollow ZnO nanofibers using a ZnNPs-free
solution. The study reported the preparation of ZnO hollow nanofibers with diameters of 120—
150 nm using an electrospinnable solution of PAN, PVP, and ZnAc composites, then followed
by calcination to remove the used polymers. They obtained core-shell structure from elctro-
spinning process where PAN was the core and PVP/ZnAc composite was the shell. ZnO hollow
nanofibers showed interesting results related to sensing characteristics against C,H;OH.
Another study by Kanjwal et al. [95] reported the preparation of rough ZnO hierarchical
nanofibers as a photocatalyst against methylene blue dehydrate. They electrospun a colloidal
solution consisting of ZnNPs, PVA, and ZnAc dehydrate and then followed by a calcination
step at 500°C. Moreover, electrospinning a mixture of high molecular weight PVP and ZnAc
in dimethylformamide (DMF) synthesized 1D polycrystalline ZnO nanofibers with porous
morphologies [96]. The study reported the effect of ZnAc loadings from 10 to 15 wt% after
calcination process from 350 to 650°C onto the produced nanofibers. The prepared ZnO
nanofibers were utilized for water treatment as a result of its photocatalytic performance.

A comparative study to compare the undoped and Ce-doped ZnO hollow nanofibers for
acetone detection was carried by Li et al. [97]. The used electrospinning solution consisted of
cerium nitrate, ZnAc, and PVP. The sample was then followed by calcination at 600°C for 1.5
h. The study declared that Ce-doped ZnO nanofibers are very sensitive to acetone at 260°C.
This is ascribed to the morphological and electronic modification in the presence of Ce-doping.
Moreover, Al-Ga co-doped ZnO nanofibers have attracted high interest because of its excellent
cost effectiveness, conductivity improvement, and mechanical flexibility enhancement. Park
and Han [98] reported the preparation and the characterization of Al-Ga co-doped ZnO
nanofibers by electrospinning a solution of zinc acetate dihydrate, aluminum nitrate nonahy-
drate, gallium nitrate hydrate, and PVA and then by annealing at 550°C. The study showed a
variation of the lattice parameter with the addition of Ga beyond 2 at.% Al-doping owing to
smaller gaps in the atomic size. Consequently, more Ga content can be added without extensive
strain. Al-Ga co-doped ZnO nanofibers with 2 at.% Al and 1 at.% Ga exhibit the highest
conductivity of 9.57 x10°® Sem™. In addition, Ga incorporation to 2 at.% Al-ZnO nanofibers
developed the mobility and the degree of crystallinity.

9
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3.1.3. Titanium oxide (TiO,) nanofibers

Wu etal. [99] addressed the usage of TiO, in many applications including solar, optoelectronic,
and catalytic devices. TiO, exists in different morphologies such as rutile, anatases, brookite,
TiO, B (bronze), and TiO, R (ramsdellite). It is worth mentioning that the most chosen TiO,
crystal phase for lithium ion batteries is the anatase structure due to its high capacity and low-
cost production [100-102].

He et al. [103] reported the fabrication of 100-300 nm conductive TiO, nanofibers using KOH
treatment. In this study, a mixture solution of PVP and titanium tetraisopropanolate was used
to produce nanofibers for supercapacitor electrode applications using electrospinning. The as-
prepared nanofibers exhibit high conductivity, high cycling stability, and high surface area
with a stable specific capacitance even after 10,000 cycles and it is enhanced from 0.02 Fg™* to
2894 Fg'at 50 mVs™.

Another study discussed the influence of Ag incorporation to TiO, nanofibers on H,S detecting
characteristics. Pristine and Ag nanoparticles/TiO, (Ag/TiO,) nanofibers were fabricated by
Ma et al. [104]. H,S sensing measurements showed that Ag/TiO, nanofibers have much higher
detection responses and sensitivity than that of pristine Ag/TiO, nanofibers. It is found that
the implementation of AgNPs leads to phase conversion of TiO, to rutile from anatase phase.

For the catalytic performance of TiO, nanofibers, Hao et al. [105] reported that mesoporous
Au/TiO, nanofibers were obtained by incorporating Au nanoparticles (AuNPs) to TiO,
nanofibers. The nanofibers were prepared via electrospinning a mixture solution of
Ti(OCHy),, HAuCl,, and PVP. The effect of AuNPs loading (2, 5, and 10 wt%) toward the
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by sodium borohydride was
reported. The results reported a decrease in the TOF value of the catalyst and an increase in
the reaction rate constant with increasing AuNPs loading and this decline may be attributed
to the small size and high surface area in case of 2 wt%, AuNPs. In addition, Tolba et al. [106]
discussed the synthesis of ZnO nanobranches attaching TiO, nanofibers as nonprecious
electrocatalyst for ethanol oxidation. The study reported the use of a colloidal solution of
titanium isopropoxide, poly (vinyl acetate), and ZnNPs to produce electrospun fibers.
Produced nanofibers went through a calcination and hydrothermal treatment. The study
concluded that the concentration of ZnNPs has a distinct impact on the electrical conductivity
and the electrocatalytic performance of the final nanofibers. For instance, utilizing 0.1 g ZnNPs
in the electrospinnable solution produce active and stable nanofibers for ethanol oxidation in
alkaline medium. In addition, Liet al. [107] measured the photocatalytic H,-production activity
in water splitting of 1D mesoporous NiO/TiO, composite nanofibers. The composite nanofibers
were fabricated by electrospinning process of colloidal solution of tetra-n-butyl titanate (TBT),
PVP, and Ni(NOs),.6H,O, and then the samples were calcined in air at 500°C for 3 h. It was
reported that the H,-production activity of TiO, nanofibers was developed at low NiO content
(0-0.5 wt%). In fact, at 0.25 wt% of NiO, the mesoporous composite nanofibers exhibit the
highest H,-production activity. This can be related to the behavior of NiO as an active cocata-
lyst, which hinders the recombination of photogenerated charge carriers and diminishes the
overpotential of H, production.
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In another research for solar cells, Zr is doped into TiO, nanofibers to be utilized as photo-
anodes of dye-sensitized solar cells (DSCs) [108]. A solution of PVAc, titanium isopropoxy,
and zirconium n-propoxy was used to produce nanocomposite electrospun fibers. It was
mentioned that the conversion efficiency of DSCs improved after Zr addition. The group
tested the effect of Zr-doping amount (0.5, 1,1.5, and 2%) on TiO, nanofibers formulations
for DSCs. The study reported that the photovoltaic efficiency reached 4.51% in case of 1%
Zr-doping, while the efficiency was achieved to 1.61% for cells based on pristine TiO, nano-
fibers. This improvement can be attributed to the electrons transfer and dye loading. In
more details, the presence of Zr developed the band gap through decreasing the charge re-
combination rate and, consequently, increases the electrons transfer (3.217 eV for 1% Zr-
doped TiO, nanofibers and 3.202 eV for pristine TiO, nanofibers). Moreover, the dye loading
of pristine TiO, nanofibers is found to be 0.52 x107 molcm™, which is much lower than that
of 1% Zr-doped TiO, (1.36 x107 molem™).

3.1.4. Nickel oxide (NiO) nanofibers

NiO nanofibers exhibit good chemical and thermal stability properties and can be prepared
easily using electrospinning. High interest in preparing 3D nickel oxide (NiO) nanofibers
technology to be applied in photovoltaic devices has been reported. This is because 3D NiO
surfaces exhibit high degree of porosity, which increases the mobility of charge carriers and
consequently enhances the efficiency of photovoltaic procedures [109]. Moreover, NiO has
been used in batteries and chemical sensors industry because of its attractive characteristics
and morphological properties [110, 111].

Macdonald et al. [112] prepared NiO nanofibers for cathode fabrication using electrospinning
process of PAN and Ni(AcAc),. NiO nanofibers were deposited into fluorine-doped tin oxide
(FTO) to produce p-type nano photocathodes with a surface area of 0.8 cm? To remove all
organic residues, the electrode was sintered for 30 min at 450°C. The NiO nanofibers diameters
were decreased to approximately 100 nm due to the calcination influence at 500°C and the
nanofibers became more rough and straw-like structure owing to the elimination of PAN
chains. Furthermore, Jian et al. [113] discussed the electrochemical performance of La-doped
NiO nanofibers as positive electrode structures. La-doped NiO nanofibers are produced by the
calcination procedure at 650°C for 3 h of electrospinning solution of Ni(CH;COO),.4H,0,
La(NO;,);.6H,0 and PVA. They designed asymmetric supercapacitor consisting of porous-
activated carbon as a negative electrode, as-prepared La-doped nanofibers as a positive
electrode, and 2M KOH aqueous solution as an electrolyte. It was seen that the perfect La/Ni
loading ratio in the positive electrode was 1.5%. In addition, La-doping was found to develop
the specific capacitance and the electrochemical stability. In more details, the specific capaci-
tance became 94.85 F g™, which is 5.3 times better than the capacitors with undoped NiO
nanofibers. Also, the coulomb efficiency of more than 90% is retained even after 1000 cycles.

NiO nanofibers exhibit excellent catalytic behavior. Elzatahry [114] described the use of PAN
as a sacrificial template in the electrospinning method to fabricate NiO nanofibers to be
designed as an electrocatalyst in methanol oxidation process in alkaline medium. The study
reported the use of a solution of PAN and 50 wt% NiO to produce electrospun fibers. Uniform
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fibers with a diameter of 145-170 nm and low content of submicron and random nanofibers
were produced. Porous NiO nanofibers are obtained after the elimination of PAN at 400°C for
3.5h.

For sensing applications, Choi et al. [115] studied the fabrication of p-type NiO nanofibers and
its activity for CO and NO, detection as a function of the size of the nanograins. The electro-
spinning solution consisted of 8.3 wt% PVA and 4 wt% nickel II acetate tetrahydrate. The
produced nanofibers were subjected to calcination at 400-850°C to adjust the nanograins size.
It was found that nanograins’ size has a limited impact on the CO and NO, detection in case
of p-type NiO nanofibers. On the other hand, the responses of n-type NiO nanofibers were
highly dependent on the nanograins’ size. Furthermore, Luoetal. [116] addressed the synthesis
of Li-doped NiO nanofibers for nonenzymatic glucose sensing. The group reported the use of
solution mixture of PVP, Ni(NO,),.6H,O, and LiNO, and another solution without LiNO,, then
calcined the product at 500°C for 3 h. It was noticed that the average diameter of the formed
Li-doped NiO nanofibers was 200 nm, while that of NiO nanofibers was 150 nm. The fabricated
Li-doped NiO nanofibers exhibit high surface area, high conductivity, and high electrocatalytic
performance through holes and defective sites, which develop the electrons transfer process.
In addition, SnO,/NiO composite nanofibers were used in humidity sensing applications [117].
The study reported the use of electrospinning solution of SnCl,.2H,0O, NiCl,.6H,0O, and PVP
and then annealed the produced fibers at 600°C for 3 h. It was noted that the high sensitivity
of SnO,/NiO nanofibers to humidity is ascribed to the active surface area that increases the
conduction in the presence of water vapor.

3.2. Morphological characterization of metal oxide nanofibers

Morphological measurements of metal oxide nanofibers including fibers orientation, fibers
distribution, and fibers diameters can be measured using many analytical instruments such as
scanning electron microscope (SEM), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS).

3.2.1. Scanning electron microscope characterization (SEM)

Scanning electron microscope (SEM), field emission scanning electron microscope (FESEM),
transmission electron microscope (TEM), polarized light microscope, and atomic force
microscope (AFM) can be utilized to study the nanofibers” diameters. It is worth mentioning
that the high-resolution capability offered by SEM makes it a conventional technique to analyze
nanofibers of which their structures are measured by their functionalities. The SEM is also used
to study the chemical composition and surface topology and morphology. The nanograph’s
resolution is controlled by the interaction between the electron probes with metal oxide
nanofibers. In more details, SEM measurements require conductive polymers and a small
sample for morphology study. SEM analysis is a quick method used to measure the fiber
diameters using a gold coating.

Figure 3 represents the SEM micrograph of electrospun ZnO nanofibers fabricated by Kanjwal
et al. [95]. Figures 3(A) and (B) confirms the formation of continuous and smooth nanofibers
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of ZnAc/PVA. Furthermore, the addition of Zn NPs did not affect the structure of the produced
nanofibers without any beads formation as clearly represented in Figures 3(C) and (D). It
should be also mentioned that the average diameters of the fabricated nanofibers are decreased
after calcination process at 500°C for 90 min and this significant decrease can be attributed to
the elimination of polymer matrix due to calcination at high temperatures. The shape of the
nanofibers is not influenced by the addition of Zn NPs in general but there is an influence on
the nanofibers’” surface. Moreover, the surface of the nanofibers was relatively smooth in the
case of Zn/Ac, while the addition of Zn NPs produced nanofibers with a rough surface.

Figure 3. Low and high magnification SEM images of the powder obtained after calcination of ZnAc/PVA nanofibers
mats (A and B), and Zn NPs/ZnAc/PVA (C and D) at 500°C for 90 min [95].

3.2.2. X-ray diffraction (XRD) characterization

XRD analysis is handled to study the crystal morphologies of various solids and metal fibers,
including the lattice constants and geometry, the orientation of the single crystal, crystallite
size, and crystal defects. The degree of crystallinity of the produced metal oxide nanofibers
can be calculated from X-ray diffraction (XRD), both wide angle and small angle (WAXS and
SAXS) and also from differential scanning calorimetry (DSC). A solid sample of metal oxide
nanofibers is irradiated with X-rays of fixed wavelength while the angle of the diffracted X-
ray beam is controlled as a function of the intensity of the diffracted beam. Moreover, each
lattice plane satisfies Bragg’s equation from which the values of the d-spacing between platelet
sheets can be determined. XRD analysis was achieved to measure the crystal structures of the
calcined ZnO nanofibers prepared by Kanjwal et al. [95] as described in Figure 4.
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Figure 4. XRD patterns of nanofibers after calcination of (A) Zn NPs-free and (B) the hydrothermal product [95].

XRD results, in this case, confirm the synthesis of ZnO nanofibers. A SPECTRUM A of the
annealed ZnO nanofibers confirms the formation of pure ZnO powder. It should be also noticed
that the XRD spectra are not influenced by the incorporation of Zn NPs. In addition, the
hydrothermal product has the same beaks as represented in spectra B.

3.2.3. X-ray photoelectron spectroscopy (XPS)

Another important characterization tool to investigate the surface chemistry of electrospun
metal oxide nanofibers is X-ray photoelectron spectroscopy (XPS). The surface chemical nature
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Figure 5. XPS data of the hydrothermally fabricated ZnO nanofibers [95].



Recent Trends in Electrospinning of Polymer Nanofibers and Their Applications as Templates...
http://dx.doi.org/10.5772/65900

of the metal oxide nanofibers can be estimated by its hydrophilicity which can be characterized
by using XPS. XPS is performed to support the obtained XRD results and to measure the
oxidation states and the changes in binding energies. The possible changes in binding energies
of the prepared ZnO nanofibers have been reported by Kanjwal et al. [95] as represented in
Figure 5. The peak of C 1s at 284 eV is related to the graphite tape employed in the sampling.
The Zn 2p region in ZnO sample consists of the main 2p3/2 and 2p1/2 spin-orbit components
with binding energies of 1020 and 1043 eV, respectively.

4. Conclusions

Electrospinning is an important technique for fabricating polymer and 1D metal oxide
nanofibers. The desired characteristics can be measured by nanofibers’ structure, which is
controlled by various parameters including electrospinning solution, process, and ambient
parameters. Selected polymers are critically used to prepare electrospun fibers’ templates for
this approach. The polymers used in this approach can be categorized into three classes
including natural, synthetic, and copolymers. Electrospinning technique represents a vital
promise with some borders for many applications such as small pore size and lack of cellular
infiltration, which can be enhanced through multilayering and using of polymers of altered
degradation grades. The technique has been adapted to produce many 1D metal oxide
nanostructures for different important applications. This chapter introduced the fabrication of
various metal oxide nanofibers which has attracted a significant attention because of their vital
applications in the recent years such as tin oxide, zinc oxide, titanium oxide, and nickel oxide.
Specific polymers were chosen as a sacrificial template to synthesize metal oxide nanofibers.
After the annealing process, the organic specimens will be decomposed and the metal oxide
nanofibers will be produced. Scanning electron microscope, X-ray diffraction, and X-ray
photoelectron spectroscopy are used to characterize electrospun metal oxide nanofibers. The
obtained data confirm the formation of homogeneously distributed metal oxide nanofibers.
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Abstract

Electrospinning of composite nanofibers has been attracting great attention as a way of
producing functional nanofibers. Composite nanofibers are produced with the
incorporation of the additives into the polymer melt/solution before electrospinning
process and reported to show many superior properties such as high modulus,
increased strength, improved thermal stability, or some new functionalities such as
flame retardancy, antimicrobial properties, water repellency, soil resistance, decreased
gas permeability, electromagnetic shielding, electrical conductivity, and so on. The
availability of the wide range of additives makes it possible to produce a wide range
of functional nanocomposite nanofibers that are promising for various applications.
Polyaniline (PANI) as an inherently conductive polymer is being investigated as an
additive for improving conductivity. Carbon nanotubes (CNT) are widely used for
either their reinforcement ability or their superior electrical conductivity. Silver
nanoparticles (AgNPs) are being incorporated into polymer matrices to obtain
antibacterial activity. This chapter provides a comprehensive review about polyacry-
lonitrile (PAN) nanofibers with PANI, CNTs, AgNPs, and their combinations and
highlights the synergistic effects obtained by their combined use.

Keywords: antibacterial, antistatic, semiconductive, multifunctional, nanocomposite,
electrospinning, nanofiber, polyacrylonitrile, polyaniline, carbon nanotubes, silver ni-
trate

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) g



26

Electrospinning - Material, Techniques, and Biomedical Applications

1. Introduction

Electrospinning is a process that uses electrostatic forces to produce nanofibers. The setup
for electrospinning consists of a high-voltage power supply that is used to charge the
electrospinning solution, a pump that is used to feed the solution through the needle and a
grounded collector that is used to collect the nanofibers in the nanoweb form. In the electric
field forming between the needle and the collector, a jet occurs when the electrostatic force
overcomes the surface tension of the solution droplet and it undergoes bending and whipping
instability as a result of which the solvent evaporates and nanofibers form [1, 2]. Electrospun
nanofibers have attracted great attention due to their unique properties, ease of fabrication,
and possibilities of functionalization [1]. They have high surface-area-to-volume ratio, low
density, and high pore volume [3-5], which qualify them for a number of applications such
as tissue engineering [6], wound healing [7], drug delivery [8], filtration [9], sensors [10],
energy harvesting and storage [11], polymer reinforcement [12], and so on.

While nanofibers have already been providing unpaired properties, composite nanofibers
made the way one step further and realized additional functionalities, which showed the
potential of improving the applications of nanofibers [13]. The composite nanofibers are
produced with the incorporation of some additives. It has been possible to produce semicon-
ductive nanofibers with the addition of PANI [14], antibacterial nanofibers with the addition
of AgNPs [15], and semiconductive nanofibers with improved mechanical properties with the
addition of CNTs [16]. Furthermore, some synergistic effects have been reported to occur when
the additives are used together.

This chapter provides a comprehensive review of the studies about electrospun composite
polyacrylonitrile nanowebs produced using PANI, CNTs, and AgNPs as additives; highlights
the synergistic effects obtained by their combined use; and shows that it is possible to produce
multifunctional nanocomposite nanowebs with the combined use of the additives.

2. Polyacrylonitrile nanowebs with polyaniline (PAN/PANI)

PANI is one of the most widely investigated conductive polymer due to its environmental
stability, low cost of raw material, ease of synthesis, and good compatibility with polymer
supports, controllable electrical conductivity and interesting redox properties associated with
its nitrogen chain [17-19]. Insolubility of PANI has been a big problem retarding its applica-
tions. In this regards, the counter-ion-induced solubility of PANI has been a successful attempt
that made polyanilines in conducting form to be soluble in some ordinary organic solvents [20].
Since then, solution blending of PANI with polystyrene [21], polyimide [22], polyamide [23],
polyacrylonitrile [24], so on has been reported. The method of solution blending has also been
adapted to prepare electrospinning solutions of different polymers with PANI with the aim of
producing conductive nanofibers which may be used in sensor [25], tissue engineering [26],
supercapacitor [27], flexible solar cells [28], hydrogen storage applications [29], and so on.
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PANI exists in various levels of oxidation such as fully reduced leucoemeraldine base form,
the half-oxidized emeraldine base form (EB), and the fully oxidized pernigraniline base form
[30, 31]. The EB oxidation state of PANI can be doped with a protonic acid to form emeraldine
salt (ES), which transforms the electronic structure of the chain into a polaronic lattice and
results in an electrically conductive state [30]. For doping, nonvolatile acid dopants, such as
camphorsulfonic acid (CSA) and dodecylbenzylsulfonic acid (DBSA), are widely used since
they overcome the evaporation disadvantage of smaller molecular organic and inorganic acids,
which cause conductivity depression of the acid-doped PANI [32]. The properties of the
dopant, such as molecular weight, molecular size, acidity, and so on determine the doping
ability of the dopant [33, 34] and thus the conductivity of the solutions, which has a direct
influence on the electrospinning process and the properties of the nanowebs. Solvent selection
is also important since it primarily determines the solubility of the polymers and electrospinn-
ability [35]. The studies about PAN/PANI composite nanofibers are mainly focused on the
effects of PANI content, dopant types, solvent types, solution preparation procedures, and
redoping on the properties of composite nanowebs [14, 19, 32, 35-37].

Raeesi et al. [19] investigated PAN/PANI nanowebs with different composition ratios using
N-methyl-2-pyrrolidone (NMP) as the solvent. Horizontal electrospinning setup with sta-
tionary collector was used for nanofiber production with various contents of PANI (up to 30
wt%) at various electrospinning temperatures. While bead-on-string structure with nonuni-
form morphology was observed at the PANI content of 30%, drops instead of fibers were
observed at the PANI content above 30%. Average nanofiber diameter decreased with in-
creasing PANI content. The electrical conductivity of the nanowebs was measured as 10~
S/cm for nanofibers with 30% PANI after a doping process with HCI vapor [19]. Qavamnia
et al. [36] electrospun PAN nanofibers with CSA-doped PANI using NMP as the solvent
and investigated the effect of PANI content on the morphological, electrical conductivity,
and mechanical properties of the blend nanofibers. PANI content was varied as 0, 10, 20, 30,
and 40 wt%. Composite nanofiber diameters were in the range of 59 to 234 nm and decrease
was observed in nanofiber diameter with the increase in PANI content. Beads were ob-
served at 40 wt% PANI content. Tenfold increase in tensile modulus and 3-fold increase in
tenacity were observed at the PANI content of 30 wt%. The electrical conductivity was re-
ported to be between 107'° S/cm and 10! S/cm depending on the amount of PANI added to
nanofiber structure [36]. Kizildag et al. [14] electrospun nanofibers of PAN- and CSA-doped
PANI using dimethyl sulfoxide (DMSO) as the solvent and investigated the effect of PANI
content and the application of different dissolution methods on the morphology, chemical
structure, conductivity, crystallinity, mechanical, and thermal properties of nanowebs. PANI
content was varied as 1, 3, 5, 7, 10, and 30 wt%. For the investigation of the effect of dissolu-
tion process, three samples with 10 wt% PANI were prepared using different preparation
procedures. Two different PANI solutions, which were stirred magnetically for 2 and 10
days, and another solution, which was exposed to homogenization with an ultrasonic probe
for 1.5 h after magnetic stirring, were prepared. The diameters of the composite nanofibers
increased until the PANI content of 5% and then decreased as the PANI content was further
increased. The composite nanofibers were generally uniform except the nanofibers with 30
wt% PANI which had nonhomogeneous fiber structure. PAN/PANI composite nanowebs
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with 1, 5, 10 wt% PANI appeared to have improved crystallinity values in comparison to
neat PAN nanofibers. Breaking stress decreased with PANI addition, while breaking elon-
gation increased as PANI content increased until the content of 7 wt% and then decreased.
The conductivity of the composite nanofibers was improved, reaching a value higher than
107¢ S/ecm with 3 wt% PANI which was in the range for electrostatic discharge applications.
Thermal stability of the nanofibers was improved with PANI addition. Increase in dissolu-
tion time and application of ultrasonic homogenization affected the diameter, mechanical
properties, crystallinity, and thermal properties of the nanofibers, while they had negligible
effects on conductivity [14]. Kizildag et al. [35] also investigated the effects of different dop-
ants such as camphorsulfonic acid (CSA), dodecylbenzene sulfonic acid (DBSA) in isopro-
panol, and dodecylbenzene sulfonic acid sodium salt (DBSANa"), and different solvents
such as NMP and N,N-dimethylformamide (DMF) on the structure and properties of PAN/
PANI composite nanowebs. It was shown that the solvents and dopants had significant ef-
fects on morphology, average nanofiber diameter, mechanical properties, while they had
less effect on conductivity of the composite nanofiber webs. The fibers produced from NMP
solvent generally had larger fiber diameters than the fibers produced from DMF, while the
use of DBSANa" resulted in the formation of larger diameters in comparison to other dop-
ants. The use of NMP as the solvent resulted in higher breaking stress values for the refer-
ence samples and the composite samples, which contained CSA-doped PANI. The
conductivity values of the composite nano/microfiber webs were around 10® and 10 S/cm
[35]. In another study, comparing the effects of the solvents such as DMF and DMSO, and
the dopants such as CSA and DBSA in isopropanol and DBSANa*, Kizildag et al. resulted
that the composite nanofibers of PAN/PANI produced from DMSO generally had larger fi-
ber diameters than nanofibers produced from DMEF. While the diameter of composite nano-
fibers with the dopants CSA and DBSA (in isopropanol) decreased compared to 100% PAN
nanofiber, the diameter of nanofiber with DBSANa*drastically increased. Increased breaking
elongations were observed for the samples electrospun from DMSQO, while decrease was ob-
served for the samples electrospun from DMF. CSA used with DMSO resulted in the high-
est conductivity of 10 S/cm, which is in the range suitable for electrostatic discharge
applications [37]. Ucar et al. [32]. investigated the effect of different solvents (DMSO, NMP,
and DMF) and solvent mixtures, application of dispersion and mixing techniques during
solution preparation and redoping process on PAN/PANI composite nanofibers using CSA
as the dopant. The morphology, average nanofiber diameters, crystallinity, mechanical prop-
erties, thermal properties, and electrical conductivity were all affected by the solvents used.
Mechanical dispersion technique resulted in higher tensile breaking stress values than the
corresponding magnetic stirring. While redoping did not affect the morphology and the di-
ameter of the nanofibers significantly, it affected the tensile properties of the nanowebs by
increasing the breaking stress values and decreasing the elongation values. The conductivi-
ty was improved 10 times and reached 1.2 x 10~ S/cm after redoping [32].

As seen from the literature, polyaniline addition affected the morphology, nanofiber diameter,
crystallinity, mechanical properties, electrical properties, and thermal properties of the
nanofibers [14, 19, 32, 35-37].
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3. Polyacrylonitrile nanowebs with carbon nanotubes (PAN/CNTs)

CNTs are widely used as additives in nanofiber production for either reinforcement or
functionalization. They possess special properties such as high strength and aspect ratio, good
thermal and electrical conductivities, and a low density, which are all important in the
preparation of polymer composites [38—40]. They can have diameters ranging from 1 to 100
nm and lengths of up to millimeters. Their densities can be as low as 1.3 g/cm® and their Young's
moduli are greater than 1 TPa. The weakest types of CNTs have strengths of several GPa [41].
Their electrical conductivity can be as high as 10° S/m [42]. In most cases, the addition of only
a few percentages of CNTs to the nanofiber structure results in enhanced tensile properties,
thermal stability, electrical properties and dimensional stability [38—43]. Nevertheless, to be
able to fully benefit from their reinforcing properties, a uniform dispersion, and orientation of
CNTs in the polymer matrix are important [16]. The strength and elongation are adversely
affected by the addition of CNTs especially when the CNTs are not well dispersed and aligned
along the fiber axis. The agglomerates can act as stress points instead of reinforcing and result
in a decrease in both tensile strength and breaking elongation [43]. For better dispersion,
several approaches, which can be roughly classified as mechanical and chemical methods, can
be seen in literature. While the mechanical methods such as ball milling, ultrasonication, and
high shear mixing contribute to better dispersion by altering the surface energy of the solids,
chemical methods such as surface functionalization improve the chemical compatibility
between the CNTs and the solvents and the polymer matrixes, enhance wetting characteristics
and reduce their tendency to agglomerate [16]. Ultrasonication is the most common method
applied for dispersion of the CNTs [16, 44]. CNTs are ultrasonicated in either the solvent or the
polymer solution. In many studies, CNTs are chemically treated before ultrasonication [40, 45,
46]. Besides all the efforts to better disperse the CNTs in polymers, electrospinning is reported
to be a process that greatly contributes to the alignment and dispersion of CNTs by charge,
confinement, and flow effects [47—49]. Dror et al. established a model to explain how the CNT-
polymer composite nanofibers were formed by electrospinning. The randomly oriented
MWCNT rods in the electrospinning solution were oriented along the streamlines of the
electrospinning solution due to elongation of the fluid jet [49]. In addition, it has been shown
that significant interactions exist between PAN chains and CNTs, which lead to better disper-
sion of CNTs in PAN. DMEF, which is widely used as a solvent for PAN provides another
advantage. It is a good solvent for suspending oxidized CNTs [35].

Ge et al. [50] prepared PAN/CNT nanofibers on an electrospinning setup with a rotating
collector using acid treated CNTs. The CNT content was changed as 3, 5, 1, 20 wt%. UV-
visible spectroscopy indicated that there was a strong interfacial bonding between the CNTs
and PAN macromolecules. The orientation of the CNTs within the nanofibers was observed
to be much higher than that of the PAN polymer crystal matrix. Incorporation of CNTs has
been demonstrated to enhance electrical conductivity, tensile modulus, thermal deformation
temperature, and decomposition temperature of composite nanowebs. At the CNT content
of 20 wt%, the electrical conductivity the composite nanofibers was measured as 1.0 S/cm
[50]. Hou et al. [45] produced composite nanofibers of PAN with oxidized MWNTs. While
the surfaces of the pure PAN nanofibers and composite nanofibers with low amount of
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CNTs were smooth, they became rough with the increase in CNT content. Increase was ob-
served in tensile modulus and tensile strength, while decrease was observed in breaking
elongation with CNT addition. The tensile modulus reached 4.4 GPa at 20 wt% of MWCNT
with a 144% improvement. The maximum tensile strength was 80.0 MPa at about 5%
MWCNT with a 75% improvement. It was shown that a higher concentration of MWCNTs
effectively resisted heat shrinkage of the composite nanowebs during carbonization [45].
Heikkild and Harlin [44] electrospun pure, salt-containing, and CNT-containing nanofibers
using different nozzle sizes, spinning voltages and distances. PAN and additive concentra-
tion were selected as 13 and 0.25 wt%, respectively. Composite nanofibers with CNTs
showed more pronounced surface roughness and markedly larger fiber diameters than pure
PAN and salt-containing nanofibers. The electrospinnability was improved with the addi-
tion of CNTs. They resulted that the solution composition had a greater effect on nanofiber
diameter than process parameters [44]. Saeed et al. [46] used 1 and 2 wt% MWNTs function-
alized by Friedel-Crafts acylation to produce PAN/CNT nanofibers. Functionalization pro-
vided better dispersion of the CNTs, which resulted in nanofibers with less beads and
higher mechanical properties. Specific tensile strength and the specific modulus increased
while breaking elongation decreased at CNT content of 1 wt%. Increase was observed in the
degradation temperature with CNT addition [46]. Chen et al. [40] functionalized CNTs by
grafting with PAN through the process of plasma-induced grafting polymerization before
incorporating into PAN nanofibers. PAN grafted CNTs provided stable and well-dispersed
solutions due to the chemical affinity between the polar-modified groups and the organic
solvent. TEM observations showed the CNTs were generally parallel and oriented along the
axes of the nanofibers. The surfaces of the composite nanofibers became rough with the in-
crease in CNT content. Raman results indicated enhanced growth of graphitic crystals in the
carbonized PAN due to the presence of the CNTs. The sheet resistance of the CNT/carbon
nonwoven fabrics was appreciably enhanced by increasing CNT concentration. Carbonized
PAN/CNT nanowebs had a significant SE of more than 30 dB at 30 MHz, and the SE was
around 10-15 dB between 900 MHz to 3.0 GHz, even for the small thickness of 150 um. The
results indicated that carbonized PAN/CNT nanowebs were promising for use as effective
and practical EMI shielding materials due to their lightweight, good mechanical properties,
low cost, and high shielding performance [40]. Yousefzadeh et al. [47] dispersed MWNTs in
DMF using probe sonicator for about 1 h. Magnetic stirrer was used to mix the polymer
with CNT dispersion until the polymer was uniformly dissolved in the solvent. The CNT
content was varied as 0.01, 0.05, 0.1, 0.3, 0.5, 1, and 2 wt%. According to the SEM images of
dispersed nanotubes, mixing for about 1 h with 30% amplitude was found to be sufficient to
achieve a well-dispersed solution. To improve the dispersion of nanotubes at high concen-
tration, MWNTs were refluxed in HNO, and stirred at 15°C for 8 h to attach functional
groups of carboxyl and hydroxyl groups onto MWNTs. As the CNT content increased, the
surfaces of the composite nanofibers became rough. They obtained thicker fibers with the
addition MWNTs compared to CNT-free ones. The highest tensile strength, tensile modu-
lus, and breaking elongation were obtained with 1% CNT addition [47]. Qiao et al. [51]
functionalized the SWNTs by polymer wrapping, dispersed them in DMF through mild
bath sonication for 2 h, added PAN, and mechanically stirred overnight at 40°C using a
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magnetic stirrer to yield a homogeneous solution. The SWNT content was varied as 0.25,
0.5, 0.75, and 1 wt%. While the surfaces of the nanofibers became rough, the diameters of
the nanofibers became larger with CNT addition. The introduction of SWNTs improved the
modulus and tensile strength of the PAN nanowebs. The tensile strength of the nanocompo-
sites at about 0.75 wt% SWNTs was increased by 58.9%. In addition, the tensile modulus
showed a peak value of 4.62 GPa with 66.8% improvement. While the electrical conductivity
increased to 2.5 S/cm, T, increased by about 3°C by incorporating 0.75 wt% SWNTs into the
PAN matrix [51]. Wang et al. [52] functionalized MWCNTs by Friedel-Crafts acylation.
They used in situ and ex situ solution polymerization systems to obtain composite solutions
with 0.5, 1, 3, and 5 wt% CNTs and an electrospinning setup with a stationary collector to
produce composite nanofibers. While the tensile modulus, tensile strength, thermal stability,
crystallinity were improved with CNT addition regardless of the incorporation method, the
in situ polymerization resulted in better dispersion, finer fiber formation, higher orientation
and crystallinity, larger crystal size, higher tensile modulus and tensile strength, higher
thermal stability [52]. Almuhamed et al. [16] dispersed MWNTs (0.2, 0.4, 0.5, 0.7, 1.0, and 1.5
wt%) in the solvent by high shear mixing using a homogenizer device and ultrasonication,
added PAN to the dispersions and stirred magnetically until dissolvation of PAN. While
PAN nanofibers had a mean diameter of 568 nm, the composite nanofibers had average di-
ameters ranging from 325 to 795 depending on the percentage of MWNTs. The composite
nanofibers possessed an electrical volume percolation threshold at very low loading per-
centage of MWNTs corresponding to 0.5 wt%. While the volumetric electrical conductivity
increased by five orders of magnitude from 1.85 x 10™"* S/m at CNT content of 0.4 wt% to
4.15 x 10 S/m at 0.5 wt%, the surface electrical conductivity was not very much affected by
CNT addition. The composite nanowebs were suggested for use as pressure sensors as an
exponential relationship was observed between the mechanical pressure applied and the
volume conductivity [16]. Eren et al. [53] investigated the effects of differently functional-
ized (carboxyl, amine, and hydroxyl functionalized) MWNTs on the structure and proper-
ties of composite PAN nanofibers produced by horizontal electrospinning setup with a
rotating collector. CNTs were dispersed in DMF by ultrasonic tip followed by the applica-
tion of ultrasonic bath for 45 min. The concentration of PAN and CNTs were 7 and 1 wt%,
respectively. Slight increases were observed in nanofiber diameters with CNT addition re-
gardless of the functionalization process applied. Among the three differently functional-
ized MWNTs, amine-functionalized nanotubes provided the highest tensile strength, tensile
modulus, and crystallinity. The conductivities of the composite nanowebs were measured as
around 107 S/cm regardless of the functional groups of CNTs [53].

According to the literature, significant differences are reported to occur in properties of PAN/
CNT nanowebs depending on the types of CNTs used, functionalization processes applied to
the CNTs, solution preparation methods, additive contents, and electrospinning conditions.
The studies show that improvement in electrospinnability, crystallization, mechanical prop-
erties, thermal properties, thermal stability, and electrical conductivity can be obtained with
the addition of CNTs if the optimum conditions are ensured.
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4. Polyacrylonitrile nanowebs with silver nanoparticles (PAN/AgNPs)

Silver has been the most widely used material to fight against broad range of microorgan-
isms since ancient times [54]. AgNPs are expected to show better performance than micro-
particles due to their increased surface area. Moreover, they have been found to exhibit
remarkable catalytic activity, and high electrical conductivity [55]. The incorporation of
AgNPs into nanofibers is reported to result in an improved mechanical properties and de-
sirable functionalities, such as antistatic and antibacterial properties [56], which offer great
potential in various fields such as filtration, protective textiles, medical textiles, biomedical
applications, and so on [4]. The studies in literature have demonstrated the antibacterial ac-
tivity of nanowebs containing AgNPs against Staphylococcus aureus, Escherichia coli, Bacillus
Subtilis, Bacillus cereus, and Pseudomonas aeruginosa [4, 15, 57, 58]. For antimicrobial perform-
ance of the nanofibers, the rate and the amount of silver release are important factors [4, 57].
A steady and prolonged release of silver cations can inhibit the growth of bacteria when
their concentration is above 0.1 ppb [59].

Figure 1. Photographs of PAN/10 wt% AgNO, solution: (a) without any treatment; (b) after exposure to xenon-arc
lamp for 15 min; (c) after exposure to xenon-arc lamp for 30 min.

a. b.

Figure 2. Photographs of PAN/10 wt% AgNO, nanoweb: (a) before; (b) after chemical reduction process performed by
immersing the nanowebs into aqueous solution of hydrazinium hydroxide.

There are two general approaches in the preparation of polymeric nanowebs with AgNPs
such as ex situ and in situ. In the ex situ methods, AgNPs are synthesized before their incor-
poration into the polymer that is used as the dispersion medium; whereas in in situ meth-
ods, the polymer is used as the reaction medium and AgNPs are synthesized in the
polymer. Providing better dispersion of AgNPs, in situ methods have attracted more atten-
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tion than ex sifu methods in preparing polymeric matrix with AgNPs [60, 61]. Chemical re-
duction by the solvent [15], or aqueous solutions of sodium borohydride (NaBH,) [15], and
hydrazinium hydroxide (N,H;OH) [62], photo reduction [57, 62] and heat treatment [15] are
some of the methods used for in situ synthesis of AgNPs [15, 57]. With the formation of
AgNPs, electrospinning solutions and nanowebs change color from yellow to brown [63].
The photographs showing the color changing in the solutions and nanowebs after reduction
process are presented in Figures 1 and 2, respectively.

PAN [56], cellulose acetate [64], chitosan [65], gelatin [60], polyvinyl alcohol [66], and so on
have been used in nanofiber formation as host polymers for in situ formation of AgNPs. PAN
is an excellent polymer for in situ synthesis of AgNPs since coordination bonds forming
between silver ions and cyano nitrogen of PAN avoid aggregation of AgNPs [55].

Lee et al. [67] prepared 7 wt% PAN/DMF solution with silver nitrate (0.05, 0.2, and 0.5 wt% of
the amount of PAN) and aged the solutions for 10 days before electrospinning, thereby using
DMF as the reducing medium. AgNPs were spherical in shape and had an average diameter
of 5.8 nm. UV-Visible spectra showed that the amount of AgNPs increased in time during aging
without any change in their sizes. When the concentration of PAN was increased, the gener-
ation of AgNPs were slower. They concluded that DMF successfully reduced the Ag*ions and
PAN acted as a stabilizing agent to inhibit the agglomeration of the Ag nanoparticles. Decrease
in nanofiber diameter was observed with increase in AgNP amount which was attributed to
the increased conductivity of the electrospinning solutions [67]. Wang et al. [68] prepared
composite PAN nanofibers with AgNO; and applied chemical reduction in N,H;OH aqueous
solution. AgNPs with average diameters of 10 nm were dispersed homogeneously in PAN
nanofibers. D and G peaks in Raman spectrum of the composite nanowebs indicated that the
structure of PAN became similar to the PAN-based carbon fiber after being doped with AgNPs.
This was attributed to the AgNPs acting as a catalyst for the dehydrogenation of hydrocarbon
compound at room temperature [68]. Sichani et al. [57] added 0.05, 0.2, and 0.5 wt% AgNO; to
PAN/DMF solutions and used xenon arc lamp in order to in situ synthesize AgNPs in these
solutions. The average size of silver nanoparticles was around 10 nm. Improvement in
electrospinning process, decrease in the number of the beads and fiber diameter were observed
with the addition of up to 0.5 wt% AgNO;. The crystallinity increased with the addition of
AgNO;. The composite nanofibers had steady and good antibacterial activity, especially
against P. aeruginosa. The antibacterial activity against S. aureus and E. coli was lower [57].
Rujitanaroj et al. [63] prepared 10 w/v% PAN/DMEF solutions with different contents of
AgNO, (0.5, 1.5, 2.5 wt%) and aged the solutions for 5 days before electrospinning. The
composite nanowebs were exposed to UV-irradiation to enhance the reduction process. UV
treatment resulted in the formation of larger AgNPs on the surface of nanofibers. The diameter
of the nanofibers decreased dramatically with increase in the AgNO; amount and decreased
further slightly with the UV treatment. The amount of AgNPs increased with aging time
without any change in their size. While the tensile strength increased slightly, elongation at
break decreased slightly with AgNO; addition. The cumulative amounts of the silver release
increased as the submersion time, the initial AgNO; concentration and the UV irradiation time
interval increased. The antibacterial activity of the membranes against S. aureus and E. coli
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bacteria increased with the increase in AgNO; concentration and UV irradiation time [63]. Lee
etal. [69] prepared composite PAN nanofibers with AgNO; and performed chemical reduction
in N,H;OH aqueous solution. AgNPs with diameters of less than 5.8 nm were dispersed
homogeneously in PAN nanofibers and the nanofibers were effective against S. aureus and E.
coli [69]. Shi et al. [4] added AgNO; (0.5 and 1.25 wt%) to 8 wt% PAN/DMEF solution and
performed atmospheric plasma treatment for the reduction of silver ions in the PAN/AgNO,/
DMF solutions. AgNPs with diameters ranging between 3 and 6 nm were found to be uni-
formly dispersed in the nanofiber. The composite nanofibers showed excellent antibacterial
activity against both Gram-positive and Gram-negative microorganisms [4]. Mahapatra et al.
[15] prepared composite nanowebs of PAN with 8 wt% AgNO,; and applied three different
reduction methods such as refluxing the solution before electrospinning, treating the compo-
site nanoweb with aqueous solution of sodium borohydride (NaBH,), and heating the
prepared composite nanofibers at 160°C. Distinct absorption band at 410 nm on UV-Visible
spectra confirmed the formation of AgNPs. TEM micrographs showed that the AgNPs were
dispersed homogeneously on the surface of PAN nanofibers, and particle diameter was about
5-15 nm. They concluded that refluxing resulted in smaller nanofiber diameter than chemical
reduction applied to the nanoweb and attributed this to the increased conductivity of the
electrospinning solution during refluxing. All three methods resulted in good antibacterial
activity against S. aureus, E. coli, and B. subtilis. The size of the silver nanoparticles were smallest
and length of inhibition zone was the highest against S. aureus bacteria for the composite
membrane that was prepared by refluxing Ag* ions in DMF solvent [15]. Ucar et al. [56]
prepared PAN/AgNP nanofibers with and without stabilizer and applied four different
reduction methods (refluxing in DMF, chemical reduction by hydrazinium hydroxide, xenon
arcreduction in solution and nanoweb form) in order to compare their effects on the properties
of the composite nanowebs. 10 wt% AgNO,; was added to 10 wt% PAN/DMEF solution.
Horizontal electrospinning setup with a rotating collector was used. Higher absorbance values
were obtained for PAN/10 wt% AgNO,; nanowebs reduced with hydrazinium hydroxide.
While the xenon arc reduction applied to the solution resulted in thicker nanofibers, chemical
reduction process resulted in finer nanofibers. Composite nanowebs electrospun from the
composite solution exposed to xenon-arc displayed the lowest breaking strength values. The
nanowebs which were chemically treated with aqueous solution of N,H;OH displayed the
highest breaking strength. Electrical conductivity was measured as 107 S/cm for the composite
nanowebs reduced by chemical reduction and xenon arc application. With the addition of the
stabilizer, fiber diameter increased while conductivity decreased [56]. Demirsoy et al. [62]
investigated the effect of dispersion technique, reduction method, and AgNP amount on the
properties of PAN/AgNP nanofibers. AgNO; (1 wt%, 3 wt%, and 10 wt%) was added to 7 wt
% PAN/DMF solution and stirred for 1 h. The nanowebs were produced on a horizontal
electrospinning setup with a rotating collector. Two different reduction methods such as
chemical reduction by N,H;OH solution and xenon arc reduction were applied. While the
reduction process by N,H;OH applied to the nanowebs resulted in a decrease, reduction by
xenon arc applied to the electrospinning solution resulted in an increase in the nanofiber
diameters. The crystallinity of PAN/10 wt% AgNO,; nanoweb was lower than that of PAN/1
wt% AgNO; nanoweb. The highest tensile strength was obtained at the AgNO, content of 1
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wt% after chemical reduction by N,H;OH. The tensile strength decreased with the increase in
additive amount. Application of an additional dispersion process by ultrasonic homogenizer
and bath generally provided higher breaking strength values than only mixing with a magnetic
stirrer due to better dispersion of particles. The electrical conductivity of PAN/AgNP nanowebs
was around 107 S/cm at 3 wt% AgNO; content and a decrease was observed with the increase
in AgNO,; content. Excellent antibacterial activity against S. aureus was obtained at the
AgNO; content of 3 wt% after the chemical reduction process [62].

According to the existing literature on PAN/AgNP nanofibers, it can be concluded that
concentration of the AgNPs, the dispersion and reduction methods applied, addition of a
stabilizer are important factors that affect the final properties of the composite nanowebs.

5. Composite PAN nanowebs with the combined addition PANI, CNTs
and AgNPs

A recent approach for functionalization of nanofibers is the combined use of additives. There
are studies about composite electrospun nanowebs and films showing improved mechanical
properties, thermal stability, crystallization and antimicrobial activity [70], electrical proper-
ties [71, 72], and biocompatibility [72] with the combined use of CNTs and AgNPs. Besides
there are also some studies reporting about the synergistic effects obtained by the simultaneous
use of the conductive polymers, CNTs and AgNPs [73, 74].

Ucar et al. [75] produced PAN composite nanofibers adding PANI and CNT simultaneously.
While the diameters of nanofibers increased, the effect of PANI on diameter was higher than
that of CNTs. The breaking of the composite nanofibers with 1% CNT and 3% PANI was 25%
higher than that of pure PAN nanofibers. Conductivity of the composite nanowebs was in the
semiconductive range regardless of the additive content. The crystallinity of PAN/PANI/CNT
composite nanofiber was higher than that of pure PAN, PAN/CNT, and PAN/PANI composite
nanofibers [75]. Eren et al. [76] incorporated various amounts of CNTs, AgNPs, and PANI into
PAN nanofibers in order to see the synergistic effect of the additives on the final properties of
the composite materials. Increase in the amount and types of additives generally resulted in
an increase in the diameter of nanofibers and decrease in mechanical strength. Composite
nanofibers with AgNPs displayed higher breaking strength and electrical conductivity than
the composite nanofibers with CNTs. Generally, PANI improved the crystallinity of the
composite nanowebs more than the nanoparticles. The use of the additives (PANL CNT,
AgNPs) at low concentration resulted in an increase in the temperature and enthalpy for
cyclization compared to pure PAN nanofiber. Even though each of the nanoparticles was used
in low concentrations, the composite nanowebs of PAN/1 wt% CNT/1 wt% AgNO, and PAN/
3 wt% PANI/1 wt% AgNO; exhibited antimicrobial properties due to the synergistic effect of
additives. It was suggested that PAN composite nanofibers with 3 wt% PANI and 1 wt%
AgNO; generally presented better performance than the other samples in terms of electrical
conductivity, antimicrobial activity, mechanical strength, crystallization, and thermal stability
[76]. Kizildag et al [70] produced composite nanofibers from a solution of PAN, MWNTs,
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and AgNO, in DMSQO by the electrospinning method. They immersed the composite nanowebs
into aqueous solution of hydrazinium hydroxide for the chemical reduction of silver ions.
PAN/f-MWNTs/AgNPs nanowebs displayed enhanced conductivity and antimicrobial
properties particularly when the chemical reduction process was applied. Besides, they
showed improved crystallinity. While the reduction process made the highest contribution to
the ultimate tensile strength, elongation, and conductivity of the nanowebs, MWNT content
had negligible effect on conductivity of the nanowebs. PAN with 1 wt% MWNTs and 1 wt
%AgNO, was suggested for use as antistatic and antibacterial nanowebs [70].

6. Conclusions

The composite nanofibers have been attracting great interest, as they display many im-
proved properties such as high modulus, increased strength, improved thermal stability,
electrical, barrier properties, and/or new functionalities such as flame retardancy, antimicro-
bial properties, water repellency, conductivity, and so on. Polyaniline, carbon nanotubes,
and silver nanoparticles are widely used additives in the production of composite nanofib-
ers. While their incorporation into the nanofiber structure is reported to affect morphologi-
cal properties, chemical structure, crystallinity, conductivity, thermal properties, mechanical
properties, and so on, polyaniline is mainly added to improve the conductivity; carbon
nanotubes for improving strength, conductivity and thermal properties; and silver nanopar-
ticles for developing antibacterial properties. The studies on the combined use of these ad-
ditives are promising since it has been possible to obtain some synergistic effects as well as
multifunctionality. With the improvements in the processing that will ensure especially uni-
form dispersion of the additives and higher production rates, the potential applications of
functional composite nanofibers will soon turn into reality.
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Abstract

In the conventional electrospinning method, fibers are randomly deposited and form
nonwoven structures; however, highly aligned micro- or nanofiber and its yarn may only
be applicable for the fields, including composites, clothing, textiles, and microelectronics.
The elementary principle to obtain uniaxially arranged nanofiber array is to regulate the
electric field distribution by using assistant electrode or modified collecting device. The
potential applications of conventional electrospun poly(vinyl alcohol) (PVA) fiber in the
preparation of ultrafine separation filters, biodegradable mats, etc., have been described
by many researchers. Highly aligned PVA nanofibers were prepared using a modified
electrospinning process at the optimum conditions, and a twister added modified
electrospinning apparatus was used to prepare twisted nanofiber yarn. The diameter and
arrangement of the electrospun PVA nanofibers were characterized using FE-SEM. To
study the effect of applied voltage and rotational velocity on the alignment rate of the
nanofibers, different voltages and rotational velocity were applied during modified
electrospinning, keeping other parameters unchanged. To measure the melting
temperature and crystallinity of aligned nanofibers, differential scanning calorimetry and
X-ray diffraction measurement were performed, respectively. The fabricated highly
aligned nanofiber and its yarn might have a practical use of devices for microelectronics.

Keywords: poly(vinyl alcohol), aligned nanofiber, yarn, electrospinning, centrifugal
jet spinning
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1. Introduction

Generally, electrospun nanofibers often exhibit random orientation due to the bending and
whipping movement of the electrospinning jet [1]. Control over the unidirectional nanofibers
is required for specific applications including composite materials, electrochemical sensing,
reinforcements, bone, blood vessel engineering, and tissue engineering [2]. Beside, production
of yarn hasbeen of greatinterest asitis necessary for weaving and knitting. It is more convenient
to handle yarn instead of single nanofibers as they are strong enough without the demand of
precise and sophisticated equipment [3]. As a result, current interests have been shifted toward
the electrospinning of aligned nanofibers and its yarn and some reports are available on them.

A facile route was established by Rakesh et al. to control the alignment of electrospun multi-
walled carbon nanotube/reinforced poly(vinyl alcohol) (PVA) nanofibers using slotted
collector geometries [4]. They showed that the introduction of an insulating into a conductive
collector considerably influences the electrostatic forces acting on a charged fiber. Also, they
reported in the same study that among different collector geometries, rectangular and slotted
collectors with circular ends present good fiber alignment over a large collecting area.
Bicomponent-aligned nanofibers of N-carboxyethyl chitosan and PVA were fabricated by
Mincheva et al. [5]. Also, they reported in the same paper that 1D-, 1D-transversery, or 3D fiber
alignment was fabricated depending on the type of the collector used.

To use the full potential of electrospun nanofibers, it is necessary to assemble into well-ordered
structures. Aligned structures nanofibers have also been proven to be better quality for tissue
engineering applications, stimulating controlled cell growth, adhesion, and proliferation
featuring those of the natural extracellular matrix [6, 7].

Lately, a number of techniques have been developed to fabricate aligned electrospun nanofi-
brous structures, for example, the use of a rotating mandrel collector, dual-grounded collection
plate, a copper wire drum, a scanning tip, a water reservoir collector, dynamic liquid support
system, two oppositely metallic spinneret, multiple field, and parallel auxiliary electrodes [8].
The different fiber alignment technique has been used by various research scientists. Zussman
etal. reported on a system for producing the ordered fabrication of nanofibers into the crossbar
nanostructures. In this technique, the collector disk fitted with a table that can collect the
nanofibers and can be revolved about the z-axis, each fiber aligned at a set angle to the layer
to create layers of nanofiber arrays below, the collector’s disk is temporarily stopped and the
table revolved the required number of degrees (Figure 1(A)) [9]. Katta et al. presented a simple
and successful technique for spinning sheets with one centimeter wide strips of aligned
nanofibers. Copper wires placed regularly in the form of a round drum as a collector of the
electrospun nanofibers was used in this technique and aligned nanofiber layers can be
assembled easily without distressing the aligned structure (Figure 1(B)) [2]. The conventional
method for electrospinning has been modified by Li et al. to fabricate uniaxially aligned
nanofibers arrays over larger areas. The reason for the success of this technique was the use of
a collector consists of two conductive strips isolated by an insulating gap of flexible width
(Figure 2(A)) [1]. Figure 2(B) and (C) show two pairs of conductive bars parted by an insulating
material [5]. A facile and reproducible method was reported by Liu et al. in which they
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established a novel annular collector to arrange the fibrous bundle and identical yarn with
well-aligned submicron fibers done by electrospinning, predrafting, and successive twisting
(Figure 3(A) and (B)) [10]. Tamura et al. studied about the fabrication of novel uniaxially
aligned ultrafine sulfonated copolyimide nanofibers using an electrospinning apparatus
consists of a removable collector made of two conductive aluminum foils and a glass plate
insulator (Figure 4) [11].

Wire Drum Colbector

Figure 1. Schematic illustration of the electrospinning method to prepare aligned nanofiber. (A) Showing the collector
disk equipped with a table that can collect the nanofiber and can be rotated about the z-axis [9] and (B) presenting
Plexiglas disk with copper wires that can collect nanofibers as stratified layering [2].
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Figure 2. Schematic representation of the collectors used for preparing aligned nanofiber (2A = Ref. [1], 2B and 2C =
Ref. [5]).

i smm—

Canderive Sabatyare

Annolar slaisbes s sl chostrods
Fibwreus hundic

Abmminm plabe

Figure 3. Schematic representation of the electrospinning process for preparing the annular submicron fiber bundle
(3A =Ref. [10], 3B = Ref. [27]).
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Figure 4. Schematic diagram of the electrospinning method and the collector was composed of two conductive alumi-
num foils and a glass plate insulator and the collector could be removed from the apparatus [11].

In the beginning, most of the work on electrospinning of nanofiber yarns was actually
concentrated on nontwisted nanofiber bundles. Despite twist can be intruded by a postelec-
trospinning treatment, it is now highly favored that twists can be given directly to continuous
nanofiber yarns from an electrospinning process.

In this investigation, we demonstrated a novel parallel collector to obtain the highly aligned
PVA nanofibers through modified electrospinning, and a twister added modified electrospin-
ning apparatus was used to prepare twisted nanofiber yarn. The effect of applied voltage and
rotational velocity of twister on the alignment rate of the nanofibers were evaluated.

2. Experimental

2.1. Materials

PVA (number-average degree of polymerization of 1700, M,, = 89,000-98,000, fully hydrolyzed,
degree of saponification =99%) was purchased from the DC Chemical Co., Seoul, South Korea.
For preparing all solution doubly distilled water was used.

2.2. Preparation of spinning solution

PVA solutions were prepared by dissolving PVA in doubly distilled water under magnetic
stirring for 2 h at 80°C followed by cooling to room temperature and various PVA concentra-
tions were used (5 and 7.5 wt.%). For centrifugal jet electrospinning only 5 wt.% PVA was used.
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2.3. Electrospinning

For general electrospinning method, PVA solutions were carefully transferred into a syringe
and a syringe pump was used to deliver the solution through the blunt needle with a regulated
solution feeding rate. Electrospinning was performed under various electric fields (CHUNGPA
EMT Co., South Korea), which was applied to the solution using an alligator clip attached to
the syringe needle. To collect fibers an electrically grounded aluminum foil was placed at a
certain vertical distance from the needle tip. For modified electrospinning method, we used
parallel plane collectors to get uniaxially aligned fibers, which consist of two strips or plates
of metallic collectors connected to the negative voltage and the needle was connected to the
positive voltage. In this method, the electrospinning jet is drawn in between the two plates,
ensuring the deposition of uniaxially aligned fibers perpendicular to the plates.

During the electrospinning process, PVA solutions were carefully transferred into a syringe
and a syringe pump was used to deliver the solution through the blunt needle with a regulated
solution feeding rate. Electrospinning was performed under various electric fields (CHUNGPA
EMT Co., South Korea), which was applied to the solution using an alligator clip attached to
the syringe needle. To collect fibers an electrically grounded aluminum foil was placed at a
certain vertical distance from the needle tip. For getting twisted fibers a rotating twister was
attached before the grounded rotating drum collector as shown in Figure 5. At first the
solidified fibers were twisted by the twister, subsequently accumulated around the rotating
drum collector.
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Figure 5. Schematic illustration of a twister added modified electrospinning apparatus to prepare twisted aligned
nanofibers yarn.
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2.4. Centrifugal jet electrospinning

Generally, the centrifugal jet spinning is composed of motor, disk containing spinneret and
collector (Figure 6). In this method, aligned nanofibers are fabricated by exploiting high-
rotational force, rotating polymer solution jets to eject fiber.

v Collected fiber

‘ Spinn

==
eret
Fiber formation

% Collector

Figure 6. Schematic illustration of the general centrifugal jet spinning apparatus.

In this study, we have made a setup of centrifugal electrospinning on the basis of conventional
electrospinning and centrifugal spinning. As shown in Figure 7, the syringe is attached to a
smaller diameter pipe and fixed vertically above a circular rotating disk containing many
metallic needles like ejection path for polymer solution. The disk is attached to a speed-
adjustable motor and TCD is 15 cm. A round case-like collector made of metallic wire placed
around the rotating disk for collecting the nanofibers. The high voltage was applied between
the ejection needle and collector. The polymeric jet originated from the ejection end under the
action of electrical force and centrifugal force and the jets are extended by the repulsive force
of charges on the jets [12]. Highly aligned ultrafine PVA nanofibers are fabricated after the jets
solidify and fall onto the collector.

High Volinge
Pawer Supply

Figure 7. Schematic illustration of the centrifugal jet electrospinning apparatus.
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2.5. Characterization

The morphology of PVA nanofibers and its yarn were examined using a FE-SEM (SU8220,
Hitachi, Japan). From the FE-SEM images the fiber diameter was measured. Photoshop 7 was
used to measure the average fiber diameter and at least 20 different fibers and 100 different
segments were randomly selected from each image. The degree of nanofibers alignment was
studied against different voltages keeping other parameters constant. To measure the melting
temperature and crystallinity of aligned nanofibers differential scanning calorimetry and X-
ray diffraction measurement were performed, respectively. To determine the degree of
nanofiber alignment, several FE-SEM images were captured from each sample.

3. Results and discussion

3.1. Fabrication of highly aligned PVA nanofibers by electrospinning

PVA is a well-known hydrophilic, semicrystalline polymer and has received great attention
due to its good chemical resistance, good thermal stability, good physical properties, excellent
biocompatibility, and low price [13, 14]. The potential applications of electrospun PVA fiber in
the preparation of ultrafine separation filters, biodegradable mats, etc. have been described by
many researchers [14, 15]. As a simple and versatile process electrospinning is offering unique
capabilities for preparing fibers from polymer solutions with diameters ranging from the nano-
to microscale which generated interesting applications in fields of protective clothing,
filtration, drug delivery, self-cleaning, tissue engineering, electronic and photonic devices, etc.
[16, 17]. However, the function is somewhat limited so far, as the maximum electrospun fibers
are in the form of isotropic nonwoven mats [18]. As a result current interests have been shifted
toward electrospinning-aligned nanofiber yarn for the purpose of use in microelectronics,
photonics, and in a variety of electrical, optical, mechanical, and biomedical applications [8].
Due to the high surface area, porous structure, and functional molecules and nanomaterials
adopting ability (e.g., nanoparticles and nanotubes), nanofibers have been used in various
areas including batteries, biomedical, sensors, fuel cells, nanocomposites, and protective
clothing [19-25]. Due to the “whipping instability” of the electrospinning jet, typical electro-
spun nanofibers are usually collected as nonwoven or randomly oriented structures, since
disordered orientation and low mechanical strength of the fibrous structure have restricted
their applications, early studies were focused on regulating the fiber alignment.

Aligned fibers are considered as potential candidates for the design of directional optical
components, for instance waveguides and lasers [26]. To obtain aligned electrospun fibers,
several approaches have been established, however, parallel electrode method has gained
more attention due to the higher degree of alignment of the fibers [26, 27]. In parallel electrode
method, aligned nanofibers are obtained through the manipulation of the electric field that
was manipulated by using two parallel plates (gap collector) joined with grounded electrode
[1, 28].Itis possible to get a high degree of fiber alignment using this method, and the produced
fibers can be easily applicable for device fabrication.
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In this section, we are reporting about the preparation of highly aligned PVA nanofibers using
a modified electrospinning apparatus composed of two parallel vertical plate collectors. The
diameter and arrangement of the electrospun PVA nanofibers were characterized using a field
emission scanning electron microscope (FE-SEM). The degree of nanofiber alignment was
studied against different voltages keeping other parameters constant. The melting temperature
and crystallinity of aligned nanofibers with different voltages were also studied.

3.1.1. Morphological differences of nanofibers

Figure 8(A) and (b) show the FE-SEM images of electrospun nanofibers prepared by the
general electrospinning method and modified electrospinning method, respectively. Itis found
that although smooth, defect-free and round-shaped fibers are collected using both the
modified and unmodified electrospinning method, the alignment of the nanofibers is very
different for these two methods. Manipulation of the electric fields that were manipulated by
using two parallel vertical plates connected with positive voltage coupled with the repelling
force from the residual charges on the electrospun nanofibers ensure good alignment of the
electrospun nanofiber as shown in Figure 8(B). In contrast, a regular oriented distribution of
electrospun fibers cannot be achieved using unmodified collector as shown in Figure 8(A).

Figure 8. FE-SEM images of PVA nanofiber prepared by (a) general electrospinning method and (b) modified electro-
spinning method. (Concentration of PVA solution = 7.5 wt.%, TCD =15 cm, and applied voltage = 10 kV.)

The FE-SEM-measured nanofiber diameter distributions for both preparation methods are
shown in Figure 9 for the purpose of comparison. In the case of the nonaligned PVA nanofibers
prepared using general electrospinning methods (Figure 9(A)), the average diameter value is
<D> = 243.7 nm with a standard deviation of o = 82.82 for N = 100 measurement. In case of
aligned nanofiber prepared by modified electrospinning method (Figure 9(B)) value of <D> =
1013.9 nm and o = 613.2 were estimated for N = 100 measurement. These statistics illustrated
that a better control over nanofiber diameter was gained with the nonaligned PVA nanofibers
compared to aligned nanofiber.
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Figure 9. Diameter distribution of PVA nanofiber prepared by (a) general electrospinning method and (b) modified
electrospinning method. (Concentration of PVA solution = 7.5 wt.%, TCD = 15 cm, and applied voltage = 10 kV.)

3.1.2. Effect of applied voltage on melting temperature and crystallinity of nanofiber

The melting temperature and percentage of crystallinity of aligned PVA nanofiber prepared
by modified electrospinning method at various voltages are presented in Figure 10. As can be
seen, applied voltage plays a pivotal role on both melting temperature and crystallinity rate
of aligned PVA nanofiber. The results showed that both melting temperature and crystallinity
rate increase as the applied voltage increased. For example, consider the value of melting
temperature and crystallinity rate at voltage 10, 12, 14, 16, 18, and 20 kV. The numerical values
for the melting temperature are 223, 223.8, 224.6, 225.2, 226, and 227°C and corresponding
values for crystallinity rate are 50, 50.4, 51.5, 52.1, 52.8, and 53.2%, respectively. From the results
it is clear that the higher melting temperature and crystallinity rate of aligned PVA nanofiber
can be obtained at applied voltage 20 kV.
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Figure 10. Effect of voltage on melting temperature and degree of crystallinity of aligned PVA nanofiber. (PVA solution
concentration =5 wt.%, TCD =10 cm).
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3.2. Preparation-aligned PVA nanofiber yarn using a twister added modified
electrospinning method

One-dimensional nanomaterials having diameters less than 1 um (1000 nm), and an aspect
ratio (length/diameter) larger than 100:1, are defined as nanofibers or superfine or ultrathin
fibers. Nanofibers are also called as submicron fibers when they are in the range of 100-1000
nm [29-31]. As we know, a conventional electrospinning process requires the application of
electrostatic force between polymer solution kept in a syringe and a counter metal electrode,
for example, as a plate or a rotating drum placed at a suitable distance. The electrostatic forces
overcome the surface tension of the polymer solution if sufficient high electrical field is applied,
as a result a thin jet can be ejected from the drop of polymer solution formed at the tip of the
spinneret. At first the charged jet undergoes a stable stretching, however, soon it starts bending
and whipping randomly due to further stretching of the jet and evaporation of solvent [32,
33]. It is possible to collect electrospun fibers as oriented parallel to the direction of rotation
[34]. Yarns can be interlaced into many fibrous structures by various processes; however, single
nanofibers being fragile and thin are not appropriate for such processes, and sophisticated
equipment is required for exact handling of these fibers [35].

Various attempts had been taken by the researchers to obtain nanofibers yarn. Formhals
attempted a method to produce nanofiber yarns from electrospun nanofibers and reported in
1934. He described the experimental setups of producing polymer filaments using electrostatic
forces in a series of patents. In the beginning, most of the works on electrospinning of nanofiber
yarns were actually concentrated on nontwisted nanofiber bundles. Despite twist can be
intruded by a postelectrospinning treatment, it is now highly favored that twists can be given
directly to continuous nanofiber yarns from an electrospinning process. The deposition of
nanofibers in the form of a narrow strip using a series of charged rings in the electrospinning
zone was demonstrated by Deitzel et al. in 2001, both the charged rings and the surface charge
on the jet had the same polarity that can enhance the downward force on the jet resulted in
nanofiber deposition in a narrow strip (0.6 cm wide) on the target of rotating drum [36]. Theron
etal. [37] demonstrated an electrostatic field-assisted assembly technique in combination with
the dynamic rotating collector to create individual nanofibers positioned and aligned. In this
method, a tapered wheel-like disk made of aluminum was used to collect bundles of nanofib-
ers. The jet emerged from the droplet, at first form an envelope cone after that shrink to form
an inverted cone, once it reached the sharp-tapered edge of the wheel collector which had a
strong converging electric field. Accordingly, nanofibers would preferentially deposit on the
wheel edges, which were accumulated in a parallel array due to the rotation of the wheel. Teo
and Ramakrishna [38] described the fabrication of nanofiber bundles by collecting them across
two negatively charged steel blades followed by dipping them in water that was thus required
to assemble the fibers together by the force of water surface tension. The resulting fiber bundles
can be transferred into other substrates, and to be twisted or braided manually.

In this section, we are reporting about a novel twister added self-bundling electrospinning
method for generating continuous twisted aligned PVA electrospun fiber yarn. Compared with
conventional electrospinning setup, the special thing in this process is that a twister is used to
induce the self-bundling of polymer nanofibers before deposited on the collector. The diameter
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and arrangement of the electrospun PVA nanofibers were characterized using FE-SEM. The
degree of nanofibers alignment was studied against different voltages and rotational velocity
of twister keeping other parameters constant.

3.2.1. PVA-aligned nanofiber yarn morphology

Figure 11 represents the FE-SEM image of the twisted yarn of PVA prepared using rotational
velocity 25 rpm, applied voltage 15 kV, TCD 15 cm, and PVA solution concentration at 5 wt.%.
For the following study, we have prepared the twisted yarn at low rotational velocity. As can
be seen most of the filaments included ae twisted. As showing in Figure 11, the fiber surface
reveals that highly twisted, smooth, uniform with a higher alignment rate were obtained.

100 gm

Figure 11. FE-SEM image of twisted aligned PVA nanofiber yarn prepared by twister added modified electrospinning
apparatus. (PVA solution concentration=5 wt.%, TCD = 15 cm, applied voltage = 15 kV, rotational velocity = 25 rpm).
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Figure 12. Effect of voltage and rotational velocity on the degree of alignment of twisted PVA nanofiber.
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3.2.2. Effects of voltages and rotational velocity on degree of nanofiber alignment in yarn

During electrospinning process, voltage and rotational velocity of twister play significant
role in nanofiber alignment rate. A series of experiments were carried out by changing the
applied voltage and rotational velocity in the range of 10-20 kV and 50-150 rpm, respective-
ly (Figure 12). As illustrated, voltage has no significant effect on fiber alignment rate, how-
ever, considerable change was found on nanofiber alignment at various rotational velocities.
We measured nanofiber alignment rate against three different rotational velocities of twister
including 50, 100, and 150 rpm at various voltages in the range of 820 kV. A higher degree
of nanofiber alignment was found at the rotational velocity of 150 rpm. In contrast, the low-
est degree of nanofiber alignment was obtained at 50 rpm. It can be also seen that the maxi-
mum degree of nanofiber alignment was obtained at 150 rpm and 16 kV.

3.2.3. Effects of rotational velocity on nanofiber morphology in yarn

Figure 13 shows several FE-SEM images of various samples taken from the twister-added
rotating drum collector. Several sets of experiments were conducted at various rotational
velocities of twister, and images were captured to confirm twisting and alignment. To acquire
different perspective, images were taken at various magnifications. As seen in the FE-SEM
images, well-aligned, highly twisted and thin nanofibers are present at 150 rpm. And the
possible reason of smaller diameter nanofiber is the removal of residual solvent from the
nanofibers due to higher rotational velocity. Beside, beads are seen at 100 and 150 rpm. Finally,
it can be concluded that uniform, highly twisted, and well-aligned nanofiber with less beads
defects are only achievable at 150 rpm.

Figure 13. FE-SEM images of aligned twisted PVA nanofiber yarn prepared at different rotation velocity (a) 50 rpm, (b)
100 rpm, and (c) 150 rpm. (PVA solution concentration = 7.5 wt.%, TCD = 15 cm, and applied voltage = 16 kV).
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3.2.4. Effects of rotational velocity on diameter distribution of nanofiber in yarn

The diameter distributions of aligned PVA nanofiber yarn gained at three different rotational
velocities of twister were given in Figure 14. We considered three rotational velocities of
twister including 50, 100, and 150 rpm. Smaller average fiber diameter and a large amount of
thin fibers with diameter bellow 400 nm were found at 150 rpm (Figure 14(C)). On the other
hand, a narrower distribution of fiber diameters was observed at 100 rpm (Figure 14(B)),
however, beaded nanofiber with lower alignment rate was observed at this rotational veloci-
ty (Figure 13). Comparatively less control in the fiber diameter with average diameter 444
nm was seen at 50 rpm.
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Figure 14. Diameter distribution of aligned twisted PVA nanofiber yarn prepared at different rotation velocity (a) 50
rpm, (b) 100 rpm, and (c) 150 rpm. (PVA solution concentration = 7.5 wt.%, TCD =15 cm, and applied voltage = 16 kV).

3.2.5. Effects of rotational velocity on nanofiber morphology in yarn

The FE-SEM images of the PVA yarn collected at 200 rpm are presented in Figure 15. Rotation
velocity of twister has considerable effect on nanofiber diameter [39]. From the magnified FE-
SEM image (Figure 15(C)), it is clear that smaller diameter and well-aligned nanofibers were
fabricated. In addition, it is also seen that smooth, defects free, and round shape nanofibers
exist.

a 1] o
1 mm 200 pm 100 pm

Figure 15. FE-SEM images of (a) aligned twisted PVA nanofiber yarn prepared at rotational velocity of 200 rpm. The
images (b) and (c) are magnified form of image (a). (PVA solution concentration = 7.5 wt.%, TCD = 15 cm, and applied
voltage =16 kV).
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3.3. Fabrication of highly aligned PVA nanofibers by centrifugal jet electrospinning

Recently, centrifugal jet spinning technique has drawn much attention of the scientists for the
production of nanosized fiber due to its amazing characteristics, for example, large-scale
production rate, facile, highly efficient, low cost fabrication technique, etc. [40]. The method
uses centrifugal forces together with the viscoelastic properties and the mass transfer charac-
teristics of spinning solutions to support the controlled thinning of a polymer solution filament
into nanofibers [41].

Many researchers have tried centrifugal jet spinning method to prepare aligned nanofiber for
various purposes. Badrossamay et al. [42] studied a facile technique for fabricating aligned
three-dimensional nanofiber structures by exploiting high-speed, rotating polymer solution
jets to eject fiber. They also demonstrated the usefulness of this technique for building
uniaxially aligned nanofiber structures necessary for tissue engineering. A novel and effective
centrifugal electrospinning setup with rotating polymer solution jets was demonstrated by Liu
et al. to prepare uniaxially aligned and cross-aligned arrays of ultrafine polymer fibers [43].
Amalorpava Mary et al. had attempted a novel method to obtain centrifugal spun fibrous web
as a drug [44]. On considering the huge prospective and effectiveness of this technique, we
have also made some attempts to make centrifugal spun nanofibers.

The centrifugal jet spinning system was composed of a DC hobby motor (9-18 V, Radio Shack)
powered hollow chamber with two orifices passing through the chamber wall and a set of
product collecting posts. Teflon tubes (outer diameter of 15 mm and an inner diameter of 10
mm) were used to make spinning chamber. The diameter of the orifices present in the wall of
the spinning chamber was 500 um. It is possible to adjust the distance between the center of
the chamber and the product collecting posts. At a particular flow rate, spinning solutions were
continuously fed into the chamber and the centrifugal force exceeded the capillary force of the
spinning solution in the orifice as the spinning chamber spins. Consequently, spinning solution
jet is ejected from the rotating chamber and by adjusting the voltage applied on the motor the
rotational speed of the chamber can be changed [41].

In this section, we are reporting about the fabrication of highly aligned PVA nanofibers by a
unique and efficient centrifugal electrospinning setup with rotating polymer solution jets. The
developed fibers were morphologically characterized by FE-SEM and the results showed that
highly aligned PVA nanofibers were successfully assembled.

3.3.1. Morphology of centrifugal jet electrospun-aligned nanofibers

Figure 16 shows the FE-SEM pictures of highly aligned PVA nanofibers (PVA solution
concentration was 5 wt.%), which were obtained at the optimized conditions (TCD =15 cm,
applied voltage = 15 kV, and rotational velocity = 5000 rpm). To get clear idea images were
taken at various magnifications. As seen in the FE-SEM images excellent alignment is present.
From Figure 16(D), it is clear that well-aligned nanofibers with higher alignment rate can be
produced through our new centrifugal jet electrospinning setup. Excellent properties of
nanofibers are observed, including uniform, feed free, and smooth surface.
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Figure 16. FE-SEM pictures of aligned nanofiber prepared by centrifugal jet electrospinning method. (Images b, ¢, and
d are magnified form of image a.) (PVA solution concentration = 5 wt.%, TCD = 15 cm, applied voltage = 15 kV, rota-
tional velocity = and 5000 rpm).

4. Conclusion

The study was aimed to apply a modified collector composed of two parallel vertical plates,
and a twister-added collector to prepare highly aligned PVA nanofiber and its yarn, respec-
tively. The result showed that this process was facile to prepare highly aligned PVA nanofiber
and its yarn. In addition, a good reproducibility could be gained. The diameter and arrange-
ment of the electrospun PVA-aligned nanofibers and its yarn were characterized using FE-
SEM. For PVA-aligned nanofiber, we also studied the effect of voltage on alignment rate,
melting temperature, and crystallinity. The results showed melting temperature and crystal-
linity increase gradually as the applied voltage increased, and the maximum degree of
alignment was achieved at applied voltage 20 kV. On the other hand, for PVA yarn, effect of
applied voltage and rotational velocity of twister on nanofiber alignment rate were examined
and found that applied voltage 16 kV and rotational velocity 150 rpm are favorable conditions
for getting highly aligned yarn. In addition, the effect of rotational velocity on diameter
distribution and morphology of PVA nanofiber were also tested. The FE-SEM photographs
revealed that smooth, well aligned, and bead free with good control on fiber diameter were
obtained at the rotational velocity of 150 rpm. Beside aligned ultrafine PVA nanofibers have
also been successfully assembled. The results indicated that centrifugal electrospinning is a
competent technique to assemble highly aligned ultrafine PVA nanofibers which have a great
prospective to use in electronic and optoelectronic devices.
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Abstract

Electrospinning is a simple method to produce nanofibers from solutions and melt of
different polymers and polymer blends. There is an extensive application in future of
Electrospun nanofibers. Several methods for the production of nanofibers have been
developed for their wide-scale production. In this chapter, we introduced the needleless
roller electrospinning system that is well known under the trade name of nanospider
and used as industrial production scale during the last decade. For industrial produc-
tion, it is crucial to control and the measure all the spinning parameters of the needleless
electrospinning system. Herein, all the electrospinning parameters of the needleless
roller electrospinning system were determined and grouped as dependent and
independent parameters. Each parameter was defined, and some experimental results
are shown under their group. Using theoretical calculations, the minimum electrical
field to start initiation of Taylor’s cone and the dimensionless electrospinning number
was demonstrated. The dimensionless electrospinning number is important for the
initiation of the electrospinning system. Each parameter explained in detail, and
measurement methods of parameters were clarified. It was found that each parameter
plays a major role in productivity and quality of nanofiber webs. Changing the
dependent and independent parameters of the electrospinning, the fiber morphology
can be adjusted according to demands.

Keywords: roller electrospinning, parameters, nanofiber, needleless electrospinning
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1. Introduction

Electrospinning is a versatile method to produce ultra-thin fibers less than 1 um. Nanofibers
produced from electrospinning have enormous properties such as high surface area, highly
pore structure, small pore size, and electrical properties, and so on. Based on specific properties
of nanofibers, scientists focus on a promising application area of nanofibers. Nanofibers can
be used for filtration, wound dressing, drug delivery, tissue engineering, artificial vessels,
barrier textiles, sensors, carriers, and so on [1-4]. Electrospinning methods can be grouped
into two: needle and needleless electrospinning. There are system and process parameters that
have an effective role on the morphology of nanofibers. Process parameters can be defined as
needle diameter, distance between electrodes, feed rate, applied voltage, ambient conditions
while system parameters can be defined as polymer solution properties such as surface
tension, viscosity, molecular weight, and solvent for the needle electrospinning system. Unlike
the single needle electrospinning system, needleless electrospinning is useful equipment for
significant bulk production in an industrial scale. Niu and Lin grouped the needleless
electrospinning system as upward and downward [5]. One of the most popular upward
needleless electrospinning systems is a roller electrospinning system that was developed by
Jirsak et al. [6]. Despite many types of research about parameters of needle electrospinning,
there is not enough information about needleless electrospinning.

The parameters of needleless roller electrospinning can be divided into two groups: dependent
and independent. Each parameter has an influence on the resultant fiber morphology and
spinnability. Cengiz and Jirsak [7] and Yener et al. [8] showed that the addition of tetraethylene
ammonium bromide (TEAB) salt increases the spinning performance and resultant fiber
diameter of polyurethane (PU) nanofibers. In another work, it was found that increasing the
humidity of the spinning unit at a constant temperature, the spinning performance altered for
polyvinyl alcohol (PVA) nanofibers while the nonfibrous area increases with humidity. On the
other hand, at constant relative humidity, upon the increasing temperature from 20 to 30°C the
spinning performance decreases almost three times so do the fiber diameter and nonfibrous
area [9].

In this chapter, we focus on roller electrospinning and parameters. Independent parameters
are the parameters that can be changed before or during spinning while dependent parameters
are resultant parameters of independent ones. These parameters are explained in the next
section. This work is a part of the Ph.D.thesis, the experimental and theoretical results were
studied in detail in reference [10].

2. Principle of needleless electrospinning

Two common methods have been utilized for the production of nanofibers which are needle
electrospinning and needleless electrospinning from a free surface. Both the spinning techni-
ques were explained in the previous work [11]. The mechanism and the principle of the needle
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electrospinning system were explained deeply in the literature whereas there is not enough
information about free surface needleless electrospinning.

Tonks [12] studied on the mechanism for the onset of aperiodic instability (w? < 0) of the free
surface when subjected to a strong electric field. The initial perturbation of the surface causes
alocalfield increase which determines the further growth of the perturbation. The critical field
is determined directly from the corresponding dispersion equation [13];

k E?
o’ = ;[o-kz + pg —EkJ (1)

where g is the gravitational acceleration, ¢ is the surface tension, p is the density, E is electrical
field strength, k = 2m/A is the wave number, and A is the wavelength.

Lukas et al. explained the fasting-forming instability mechanism [14]. In the principle, the
capillary waves on a one-dimensional approach of the liquid surface are used to analyze the
electrohydrodynamics. The vertical displacement of the wave was calculated by the periodic
real part of a complex quantity, & = A exp[i(kx—wt)]. The A, k, and w are amplitude, wave number,
and angular frequency, respectively. The wave number (k) can be calculated using the wave-
length (A), k = 27t/A. The relationship between the angular frequency w and the period T is w
=2m/T [10].

The relationships w = f(k) between spatial and time-dependent parameters k and w of waves
undergoing various force fields that are called dispersion laws. For gravity waves, w?® = gk,
where g is gravity acceleration. By adding surface tension:

0 = (pg + 7k~ eE R~ ®
Yol

where p is liquid mass density, y is a linear force of surface tension, k is wave number, ¢ is
permittivity, and E, is field strength.

Lukas also gives out a new concept that is dimensionless electrospinning number I" [15]. The
dimensionless electrospinning number is the ratio of electric pressure (Pe) to capillary
pressure (Pc). So we have, I' = Pe/Pc. Capillary pressure (Pc) caused by an arbitrarily curved
liquid surface is a product of the surface tension and a sum of two principal curvatures K1 and
K2, so Pc=y(K1 + K2).

In the case of the sphere with a radius Rs in a gravitational acceleration field, both principal
curvatures K1 and K2 are of the same value and are equal to 1/Rs, so Pc =2y/Rs.

Electric pressure (Pe) is another basic concept in electrospinning, and it is calculated according
to Eq. (3);
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Pe= (SEz)/Z €)

where E is the strength of electric field and ¢ is the permittivity of surrounding air.

So, the phenomenon of electrospinning only occurs when the dimensionless electrospinning
number is bigger or at least equal to 1 (I'> 1 or Pe > Pc).

In the needle electrospinning, the polymer solution is drawn into fibers in electrostatic field
arranged between a needle tip and a collector. Polymer solution stretches into fibers while the
solvent is evaporating. Fibers in nanorange or microrange are collected on a collector. Fiber
quality and morphology depend on several factors. The morphology of nanostructures formed
on the collector varies with parameters of the spinning device and process parameters [10].

Dao et al. divided electrospinning processes into three stages: in the first stage, the polymer
solution is fed by a roller from the container or by the pump. High electric potential inserted
in the solution leads to the formation of jets. The jets (jet) are discharged from roller’s surface
Or droplet on the needle tip. As a result, the jets accelerate steadily and thin out along an axis
aligned with the general direction of the electric field. It is a critical stage because the first stage
is the key for the controlling subsequent stages and effects of the final fiber properties. In the
second stage, several processes are forming simultaneously such as electric line fluctuation as
a result of time and the space variation in the bulk density of charges causes jets to turn
transversely to the field direction and to be decelerated by the constantly increasing drag force
of the gas. A cloud is produced that expands toward the collector by the action of the same-
polarity charges. At the same time, the rate of vaporization of the solvent which started already
at the first stage of the process is steeply intensified; the jet solidifies, and the resulting fibrous
cloud drifts in the applied electric field onto the collector. During this stage, an unsteady bulk
fiber web structure can be observed due to possible splitting of the jet. In the third stage, there
are two simultaneous processes: random deposition of the nanofibers onto a substrate on the
collector and the gas spark discharge between the collector and the fiber layer formed on it,
that closes the electric circuit [16].

3. Technology and parameters of roller electrospinning

The roller electrospinning has been developed and patented at the Technical University of
Liberec [6]. The roller electrospinning system is a highly productive method to produce
nanofibers. In this method, there is a roller electrode that is immersed in a solution tank
and a motor connected to the roller for rotation. The roller electrospinning system is a
closed system; there is only input for air and humidity and output for air suction. On the
top there is a collector (charged or grounded), and a conveyor material (generally nonwo-
ven or paper) is passing through the collector as shown in Figure 1 [17]. Nevertheless, its
productivity is still low in comparison with processes yielding planar fibrous materials, and
the price of nanofiber layers is correspondingly high. Therefore, further development based
on the knowledge of the process is necessary to improve quality, regularity, and price of
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nanofibers. The roller electrospinning can process a broad range of polymers in diameters
of 50-800 nm with acceptable narrow fiber diameter distribution on nonwoven webs.
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Figure 1. Schematic diagram of the roller electrospinning system.

Independent parameters

Dependent parameters

* Polymer solution properties (concentration,
viscosity, composition, surface tension,
conductivity, molecular weight)

* Applied voltage

* Distance between electrodes
* Velocity or rotating roller

* Velocity of take-up fabric

¢ Geometry of electrode

* Geometry of collector

* Ambient conditions (temperature, relative humidity)

Number of cones, density of jets

Lifetime of jets

Spinning performance, spinning performance/per jet
Total average current, current/jet

Thickness of polymer solution layer on the surface
of the roller

Force acting on a jet

Spinning area

Distance between neighboring jets
Jet length in stable zone

Fiber diameter and distribution
Nonfibrous area

Launching time of jets

Table 1. Parameters of roller electrospinning system.

The electrospinning parameters are divided into two groups: namely independent and
dependent ones. In the group independent parameters, primary and secondary independent
parameters are distinguished, for instance kind of polymer, its molecular weight, kind of
solvent, type and amount of additives, and concentration of polymer solution are primarily
independent parameters, whereas viscosity, conductivity, and surface tension, as a result of
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above parameters, directly influencing the electrospinning process, are secondary independ-
ent parameters [10].

The parameters of the roller electrospinning system were tabulated in Table 1 [10].
3.1. Independent parameters
3.1.1. Polymer solution properties

3.1.1.1. Concentration/molecular weight/viscosity

Polymer jets must show some level of strength to create nanofibers during electrospinning. If
the strength is too low, the jets break and create beads instead of fibers. Shenoy et al. [18]
introduced the term “entanglement number” as a quantity responsible for the strength of jets.
They also found the limiting value of an entanglement number regarding fiber production; if
the value is greater than 3.5, fibers are produced, below 3.5 the production of beads starts. The
entanglement number depends on the kind of polymer, namely on the content of polar groups
and molecular weight, on the type of solvent and polymer concentration in the solution. As
the determination of the entanglement number is not easy, the viscosity is often taken as a
measure of it, as its principle depends on the same parameters as entanglement number. In a
suitable concentration, the chain entanglements of macromolecules are adequate to electrospin
a polymer into fibers under a strong electrostatic field.

The polymer solution viscosity is determined by such molecular interactions, either attractive
or repulsive, and can be altered by changing the solvent type. The viscosity of polymer
solutions depends on shear rate and temperature, it also depends on the molecular weight
distribution and the concentration. Properties of solvents are affecting the chain entanglement.
In a good solvent, the polymer swells and its volume increases. The intermolecular forces
between the monomer and solvent subunits dominate over intramolecular interactions. In a
bad solvent or poor solvent, intramolecular forces dominate and the chains contract. In theta-
solvent, the intermolecular polymer-solvent repulsion balances exactly the intramolecular
monomer-monomer attraction [19]. In aqueous, the overall shape of the chain will be affected
by the amount of electrolyte (salt) in the solvent. In the absence of electrolyte, the charges are
unshielded and repel each other. As a result, the chain is stretched out. However, when the
electrolyte is present in the solution, the charges are shielded, and their effect is suppressed.
As a result, the chain tends to shrink toward its original random configuration. This change
from a rod to a sphere obviously causes the viscosity to decrease [20].

With the increasing concentration of polymer solutions prepared by using polymers with
different molecular weights, the viscosity of polymer solutions was found to increase due to
the densely entangled polymer chains [21]. A certain amount of chain entanglement is needed
to keep the solution jet coherent during the electrospinning process. The high viscosity or the
concentration of the solution prevents the jet to breakup into droplets. Moreover, the increase
in chain entanglements results in an increase of viscoelastic force, which can be enough to
prevent breakup of the electrically charged jet. As a result, the charged jet elongates through
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a collector by Coulombic stress and the diameter of jet decreases [22]. With any further increase
in the concentration (or viscosity) of the solution, the number of beads along the fibers was
found to decrease, and their shape appeared to be more elongated [23]. The relationship
between polyvinyl butyral nanofiber surface morphology, molecular weight and concentration
are shown in Figure 2.

Molecular Weight

Figure 2. The relationship between the surface morphology of nanofibers, molecular weight, and concentration.

Cengiz et al. [24] studied the effect of PVApolymer molecular weight and some solution
properties such as conductivity, surface tension, and rheological behaviorconcerning spinna-
bility, process performance, fiber diameters, diameter distribution, and nonfibrous particles.
It was found that electric conductivity and surface tension of the solutions did not influence
both spinning performance and fiber diameter significantly, whereas molecular weight has an
important effect on the spinnability. On the contrary, the concentration changes the process
throughput considerably and properties of nanofibers and nanofiber layers to some extent.

In general, the relation between molecular weight, viscosity, and concentration, the number of
entanglements per chain increases with molecular weight while entanglement per unit volume
increases with concentration. In the previous studies, it was found that increasing concentra-
tion increases viscosity, and as a result, more polymer solution is transferred per one jet.
Therefore, fabric throughput and fiber diameter increase [7, 16].

3.1.1.2. Surface tension

Surface tension tends to decrease the surface area per unit mass (and the surface energy) of
fluid. If the electrostatic force overcomes the surface tension, a charged jet of a polymer solution
is ejected. So, for a higher surface tension, a stronger electric field is required. Surface tension
is related to the interaction between the molecules of polymer and solvent in solutions.

Fong et al. found that the number of beads decreased with increasing viscosity and net charge
density and it also decreased with decreasing surface tension coefficient of the solutions [25].
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Surface tension causes the solvent molecules to form spherical shape and aggregate when the
free solvent molecules are in high concentration. The interaction between the polymer and the
solvent molecules is high at high viscosity and results in the elongation of the solution under
the electrical field. As a result of the electrical field, the solvent molecules will spread out from

the polymer molecules and reduces the gathering of the solvent molecules under the effect of
the surface tension.

Figure 3 shows the PVA solution at various surface tension resulting in changes in fiber surface
morphology. Nonionic surfactant was used not to change conductivity.
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Figure 3. Effect of surface tension on the surface morphology of nanofibers.

3.1.1.3. Conductivity and permittivity

The electrospinning process operates due to the external electric field, the viscoelastic force
due to the viscosity of the solution, surface tension force, conductivity, etc. The electric field
between the electrode and the collector causes the solution to stretch. If the electrostatic field
overcomes the surface tension, the nanofibers are formed. The stretching of the electrospun
jet and the bending instability is mainly controlled by the Coulombic force between charges
and the electric field. These forces arise due to the surface charge on the jet which can be
varied by changing the conductivity of the solution. The increased charge carrier causes the
jet to elongate and can produce uniform fibers with a smaller diameter. A higher net charge
density of the polymer solution could, therefore, yield thinner fibers with no beads. Filatov
et al. found that the acceptable range of conductivity in electrospinning is rather wide from
10 to 10 (Q2 m) !, where the upper limit is governed by the threshold of initiation of the
gas discharge from the jet that destabilizes it. It was also discussed that the conductivity is
associated with relative dielectric permittivity which usually varies little from its value of
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the solvent that is used. The lower the permittivity, the lesser the attenuation of the electric
field inside the nascent liquid jet and the higher the rate of electric charge transfer in the sol-
ution. However, decreasing of the polarity of solvent molecule reduces the extent of dissoci-
ation in it of ionogenic substances with a concurrent reduction in electrical conductivity. For
the electrospinning process, the best values of relative permittivity were found to be be-
tween 5 and 30, with a limit not exceeding 100 [26]. The conductivity of the solution is the
factor that determines the current and fiber diameter. The solution with high conductivity
can carry more charge on the jet. Kim et al. found that nanofibers with the smallest fiber di-
ameter can be obtained from the solution with the highest conductivity [27]. On the other
side, Heikkila and Harlin found that at the same viscosity, polyacrylonitrile (PAN)/salt solu-
tion produced slightly larger fibers because increased conductivity enhanced the mass flow.
The higher conductivity of the PAN/salt solution increased the instabilities in the electro-
spinning process [28].

It is common to use salt in polymer solutions to increase their conductivity. According to a
previous work, the addition of salt to polymer solution such as polyurethane and polyvinyl
butyral (PVB)enhances the number of jets on the roller surface and as a result the productivity
increases [7, 29]. On the contrary, in the case of some other polymers such as polyethylene
oxide (PEO) and PVA, the addition of salt decreases the spinning performance [30, 31]. This
case can be explained by the leaky dielectric model that was first proposed by Melcher and
Taylor [32].

3.1.2. Applied voltage

It was investigated that a drop of liquid having surface tension y, held at the end of a capil-
lary tube of radius r,, and raised to a potential difference of V, disintegrates into a spray and
at the point of disintegration the ratio V?/r;y remained approximately constant [33]. Then
Taylor [34] found that the critical angle of the meniscus which is called as “Taylor’s cone”
closed to disintegration is 49.3°. On the other hand Yarin et al. showed that Taylor’s cone
represents a specific self-similar solution while nonself-similar solutions that do not tend to
the semivertical angle. The shape of the meniscus changes as the concentration of the poly-
mer in solution and the solution viscosity increases [35]. Another work showed that conduc-
tivity of solution changes the shape of the meniscus. Various voltages have significant effects
on droplet size, fiber diameter, and current transport. It has been verified experimentally
that the shape of the initiating drop changes with applied voltage [36].

The shape of the surface changes significantly under a critical voltage. The surface changes
and the electrospinning current, which significantly depends on voltage, increase in the bead
formation, number of beads, and the defects on the surface of electrospun fiber web [37].

Lukas et al. analyzed the self-organization of the liquid jet [14]. In this analysis, it is supposed
that electrohydrodynamics of a liquid surface can be analyzed with the capillary waves
running on a one-dimensional approximation of the liquid surface, oriented along the
horizontal axis, like x-axis, of a Cartesian system of coordinates. The critical electric strength
E. for unstable waves that start to form cone was formulated as:
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E =4 4ipg 4)
g2

where y is the linear force of surface tension, p is the mass density of liquid, g is the gravitational
acceleration, ¢ is the permittivity. The above assumption indicated that the critical electrical
field strength, E,, allows the creation of surface wave for initiating of jets.

From the previous work [31] it was found that upon increasing applied voltage the number of
cones increases on the surface. As a result, fabric throughput increased. All these assumptions
above are for needleless electrospinning. The minimum electric field depends on the surface
tension and density of the solution, relative permittivity of the surrounding gas, and gravita-
tional acceleration. As soon as the electric field increases and exceeds the critical electric field,
a charged jet ejects from the apex of the cone and deposits on the collector.

3.1.3. Distance between electrodes

The distance between electrodes is another phenomenon that controls the final fiber diameter
and morphology. Sufficient time to dry out the solvent from a polymer solution is necessary.
If the distance between electrodes is too short, there is not enough time for drying, beaded,
and sticky fiber structures can be observed. On the contrary, if the distance is too high, the
electric field between electrodes decrease and forming of fiber is difficult.

Yuan et al. found that there were no obvious differences between the morphologies of the
electrospun polysulfone (PSF) fibers at the 10-15 cm electrode to electrode distance. Increasing
the collection distance could give more time for the solvent to evaporate and for the charged
fluids to split more times [38]. The effect of the tip to collector distance on the fiber morphology
is not as significant as that of other parameters, and this has been observed by many investi-
gators [3941].

3.1.4. Ambient conditions

Electrospinning is affected by an electric field. It means that any change in the electrospinning
environment will affect the electrospinning process. When humidity is high, it is likely that
water condenses on the surface of the fiber. At a very low humidity, a volatile solvent may dry
out very rapidly. The evaporation of the solvent may be very fast. As a result, the electrospin-
ning process may only be carried out for a few minutes before the needle tip is clogged. Many
studies showed that ambient conditions (relative humidity, temperature) influence fiber
diameter, morphology, and spinning performance [12].

3.1.5. Velocity of rotating roller

The main function of the roller consists in feeding the polymer solution from a tank in the form
of solution layer on the roller surface into the electrospinning process between the spinning
and collector electrode. The role of velocity of the rotating roller can be summarized as:

- Arrangement of the thickness of polymer solution layer on the surface of roller.
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- Changing the feed rate of polymer solution [42] (Figure 4).

- The time available for formation Taylor’s cones and the spinning process from these cones.
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Figure 4. Feed rate of various PEO solution layers as a function of roller rpm and viscosity.

The speed of roller significantly influences the quality of the resultant nanofiber web, as
shown in Figure 5:

ROLLER ELECTORPSINNING SYSTEM
v, s

Orptimum speed of roller %iﬂh speed of roller

Figure 5. Effect of roller speeds on the quality of nanofiber web.

At the very low speed of roller (A), there will be not enough solution on the roller surface,
so the number of cones forms on the roller surface and spinning performance will be very
low. It is necessary to arrange roller speed as optimum (B) to get the best quality of nanofib-
er layer and high throughput. If the roller speed is very high (C), there might be a signifi-
cant amount of solution supplied to the top of the roller, but there will be not enough time
to form Taylor ‘s cones on the surface of the roller. The fiber quality will decrease.
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3.1.6. Velocity of take-up fabric

During the roller electrospinning process, a supporting material (often a nonwoven fabric) is
passing along the collector electrode to collect the fibers in the form of a more or less regular
nanofiber layer on its surface. The speed of this fabric (in meters per minute) influences the
area weight of a nanofiber layer and also affects the quality of nanofiber membrane, namely
itsregularity and nonfibrous area. The area weight of the resultant nanofiber layer can be easily
calculated from the spinning performance and the velocity of supporting materials. Typical
values of the velocity amount from 0.1 to 10 m/min.

3.1.7. Geometry and conductivity of the collector electrode

In the needleless ES, many jets are formed simultaneously on the surface of the spinning
electrode. Jets are generated on the free liquid surface by a self-organizing process. Because of
this, it is harder to control the spinning process when compared with the needle electrospin-
ning process. The spinnerets in the needle electrospinning play an essential role in determining
the product quality and productivity. Despite the success in needleless electrospinning, a
design of a principle for a better needleless electrospinning process is still in progress. That is
why the effort of scientists was focused on the shape of spinning electrodes.

Niu et al. [43] studied the influence of spinner shape on the electrospinning process using three
rotating fiber generators, cylinder, disc, and coil. The electric field generated in the vicinity of
these spinners was analyzed by a finite element method, and the calculations indicated that
electric field intensities on these spinnerets are distributed differently. It was observed that, on
the cylinder spinneret, the electrical field was distributed unevenly. The middle part of the
cylinder spinneret had lower strength. Among all the spinneret, only the coil surface showed
an intensity peak. In comparison of the cylinder and the needle electrospinning system, finer
nanofibers with narrower fiber diameter distribution were produced by using coil and the disc
spinneret. Compared to needle, cylinder, and disc electrospinning, higher productivity was
achieved as 23 g/h using coil electrospinning.

The collector electrode in electrospinning is a conductive material. The collector can be directly
connected to a high voltage supplier that gives the opposite charge than the spinning electrode
has, or it can be grounded. Fibers that are collected on the nonconducting material usually
have a lower packing density compared to those collected on a conductive surface.

3.2. Dependent parameters

3.2.1. Number of cones

Some Taylor’s cones are simultaneously present on the spinning surface of the spinning roller
electrode. Some cones (N,) depend strongly on independent electrospinning parameters.

Cones were counted using a camera record as shown in Figure 6 and their number is related
to the spinning area determined from the same record [10].
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The average number of cones (N) is counted from these pictures. The density of cones (D) can
be calculated as the ratio of number of cones (N) to the spinning area (A).

D =N,/ A(1/m) ®)

Roller T
glectrode Taylor's cone

Figure 6. Number of cones on the roller surface.

3.2.2. Spinning performance and spinning performance per jet

Spinning performance (SP) is one of the most important characteristics of the nanofiber
production process, influencing the production costs. The spinning performance of a single
needle electrospinning is quite low while rather a high performance can be achieved by the
needleless system. Spinning performance strongly depends on all the independent parameters
and influences the quality of nanofibers as well as that of nanofiber layers.

SP can be determined from the mass of nanofibers produced in a 1 m long roller spinning
electrode in 1 min. Spinning performance is calculated from area weight of produced nanofiber
layer as follows:

_ GVLf

SP [g/ min/ m] (6)

T

where G is the area weight of nanofibers membrane per area in g/m? v is the velocity of running
collected fabric, in m/min; L; is the width of nanofibers membrane on collected fabric, in m;
and L, is the length of spinning roller, in m.
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Spinning performance per one Taylor’s cone (SPC) can be calculated from the known values
of SP and an average total number of Taylor’s cones on the spinning electrode N, using the
camera images.

3.2.3. Fiber diameter and fiber diameter distribution

The fiber diameters are easily measured on the scanning electron microscope (SEM) micro-
photographs using software.

3.2.4. Nonfibrous area

The term nonfibrous area (Figure 7) was created as a measure of nanofiber layer quality which
is a percentage of the area of an SEM microphotograph of nanofiber layer occupied by
nonfibrous formations such as beads, foils, and so on.
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Figure 7. Nonfibrous area on the surface of nanofiber web.

3.2.5. Lifetime of a jet

A lifetime of ajet can be defined as the period from the point that the jet appears on the spinning
electrode to the point that the jet disappears. The solution properties, roller speed, electric field
strength, the number of cones, and the thickness of a layer on the roller surface are the main
parameters that affect the lifetime of the jet. The lifetime of a jet can be measured using a camera
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record of the spinning area during electrospinning. The measurement procedure consists in
tracing a specific Taylor’s cone during step-by-step playing the record.

3.2.6. Average current and current per jet

Under an electrostatic field, the polymer solution droplet becomes distorted by the induced
electrical charge on the liquid surface, and a stable jet of the polymer solution is then ejected
from the cone. The breakup of the jet depends on the magnitude of the applied electric current
[10]. The bending instability in a charged jet was characterized by Reneker and Chun during
electrospinning [44]. Many researchers on electrospraying have focused on the understanding
of a current-voltage relationship. Previous attempts to correlate current with the electric field
and flow rate suggested nonunique linear [45] or power law [46] dependencies. Using the
power law, Fallahi et al. [47] showed that the relationship between current and voltage as
current ~ (voltage)>*. Demir et al. [48] reported a power law relationship between the solution
flow rate (Q) and the applied voltage (V) with an exponent value of three in the experiments
where Q was not controlled. Bhattacharjee et al. [49] showed that current depends not only on
applied voltage but also on conductivity and feed rate of the polymer solution. The relationship
between current and other parameters was indicated that [49]

I~EQ"K"™ (7)

Theron et al. [46] reported that the average, electric current increased with the increase in the
feed rate and voltage. It was also found that with increasing the applied voltage and solution
conductivity both the jet current and fiber diameter were increased [47]. Because increasing
the electric field increases the electrostatic stresses, which in turn, draws more material toward
the collector. Kim et al. found that there is an optimum average electric current for the
electrospinning process that depends on the solution properties [50]. Measurement of current
per one jet was suggested in the previous work [13]. The strong relationship between the
current of polymer solution jet and spinnability as well as spinning performance was demon-
strated by Cengiz et al. using a rod electrospinning system. They found that electric current of
the solution jet increases with the increasing concentrations of PU and TEAB, and current
indicates the spinning performance [51].

3.2.7. Thickness of polymer solution layer on the surface of the roller

The effect of roller rotation on the thickness of polymer solution layer has been examined in
several papers [52-54]. There have been several theoretical and experimental advances. Frenkel
et al. investigated the nonlinear stability of a film flowing down a cylinder using the strong
surface tension approximation and showed that wall curvature significantly influences the
transverse disturbance of the film, suppressing harmonics of high angular frequency [53]. In
a previous work, it was suggested the measurement of the thickness of layer on the surface of
rotating roller using a custom-built micrometer, as shown in Figure 8 [42]:
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Figure 8. Number (1) is the rotating roller with a diameter of 20.0 mm driven by an electrical motor; (2) and (3) are the
polymer solution tank; (4) is the micrometer.

The relationship between thicknesses of layers on the roller surface and roller speed is found
proportional [42], as shown in Figure 9:
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Figure 9. The thickness of various PEO solution layers as a function of roller rpm and viscosity.

3.2.8. Force acting on a jet

The analysis and calculation of the force acting on a jet versus flow of polymer solution into
this jet were performed during the spinning process. The Navier-Stoke equation model has
been proposed to describe the force. Relations between the force acting on a jet and the vol-
ume flow rate V, dynamic viscosity x and thickness of the fluid layer & were calculated in the
literature [10, 55].

It seems to be tough to calculate the force acting on the jet based on the Coulomb’s law as the
electric field between the electrodes in the electrospinning device is certainly not static.
Therefore, it was calculated the force from the volume flow rate, the thickness of polymer
solution layer on the roller spinning electrode and the diameter of the base of Taylor’s cone.
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Figure 10. Schematic diagram of Taylor’scone. f—electric force, h—thickness of the fluid layer, D—diameter of the base

of Taylor’s cone.

The calculation relies on the idea that the polymer solution flows from the layer on the spin-
ning roller into the jet through the circular area of radius R and the height /1 as shown in
Figure 10. The flow is described using the Navier-Stokes equation as follows:

3.2.8.1. Steady laminar stokes flow over a plate

Full formulation of the momentum equations of the Navier-Stokes equation is:
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Eq. (8) is rewritten in the form only for relevant direction x and the first unsteady term is zero,
the second term depicts nonlinear flow behavior, and it is zero, the pressure gradient is zero,
the viscous term is partially neglected, external force remains and so the simplified equation
after revision is as follows:
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The next step is to find the velocity as a function of the y-coordinate, so Eq. (9) must be integrated
and coefficients will be determined from the boundary conditions (b.c.) as follows:
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Note: the previous condition took account of the Newton fluid behavior. This place should be
revised in the case of the non-Newtonian fluid. However, if non-Newtonian fluid will be still
based on the velocity gradient, then this relation will be valid for non-Newton fluids as well.
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The velocity depends on the y-coordinate:

1
u(y)= —Efﬁ + fhy (16)
After formal rewritten:
_1f 2
u(r) =552 -] (17)

Eq. (17) describes the velocity distribution on the y-coordinate so-called the velocity profile.

Mass flow rate:

h
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where ¥ represents a kinematic viscosity in units m*/s.

External local force per volume of the fluid is calculated from Eq. (19) and takes a form as
follows,

309 Wpu  Wu
3 3 3 (20)
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where @ is the mass flow rate (kg/s), V is the volume flow rate (m%s), 9 is kinematic viscosity,
and p is dynamic viscosity, respectively.

The total force for the whole volume of the fluid in a Taylor cone is:
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In fact, the force F depends on electrical characteristics of the space between electrodes and on
applied voltage. The quantities on the right side of Eq. (21) influence each other in such a
manner that Eq. (21) remains true when any of these quantitiesis changed.

For instance, the increase in the thickness / causes a corresponding increase of V and/or R.

The influence of the fluid viscosity seems to be out of validity of Eq. (21). The growth of the
solution viscosity depending on both polymer concentration and its molecular weight is linked
with a greater degree of macromolecules entanglement and with the strength of jets that
increases the volume flow rate. Above-mentioned relations make it rather difficult to study
influences of specific parameters separately.

The results are a theoretical base for future experimental investigations. Nevertheless, some
specific influences must be taken into account in planning and evaluation of the experiments
which are discussed above [10, 55].

3.2.9. Spinning area and the position of the jets

The spinning area is the place where the Taylor’s cones occur on the roller surface. The
experimental results showed that the spinning area mainly depends on the parameters
mentioned in Table 1 such as speed of roller, polymer solution properties, electrical field,
additives used in solution, and number of jets [10, 42]. The relationship between the spinning
area and the position of jets was explained in Section 3.1.5 (Figure 5).
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The thickness of a polymer solution layer on the roller influences the solution to flow into
Taylor cones. Simultaneously, polymer solution, when moving out of the tank, needs a certain
time to create Taylor’s cones. Subsequently, the solution from the vicinity of Taylor’s cones is
dragged into the cones and following jets, being consumed gradually. If the velocity of the
roller is slow, there is only a small amount of solution brought to the surface, and the solution
is spun away before it reaches tank again. Thus, only a part of the potential spinning area is
utilized. On the other hand, if roller velocity is too high, there is not enough time for a solution
to create Taylor’s cones and the spinning area is narrow again. The spinning area can be
determined by using a camera.

3.2.10. Distance between neighboring jets

The average interjet distance is Describe dregarding wavelength (1) as Lukas et al. calculated
it[15]. According to this formula, electric field strength, surface tension, density of the solution,
the relative permittivity of the surrounding gas, and gravitational acceleration are the main
parameters that affect the interjet distance [10]. In other studies [11, 42], the distance between
neighboring jets was calculated using the number of jets (1) and spinning area (A). The
spinning area A is divided into n identical squares belonging to Taylor’s cones.

A=nx’ (22)

x(m) is the length of the square side (and simultaneously the distance between Taylor cones).
Then the average distance x between adjoining Taylor cones is

x= \/z (m) (23)
n

3.2.11. Length of the jet in stable zone

The length of the jet of the polymer solution was described and studied by Dao [16]. The
distance between the tip of a Taylor cone and the splitting point of a jet is called length of the
jet. The long-range repulsive electrostatic forces between ions of the same sign cause the dis-
integration of charged jet body. If electric forces are stronger than the capillary forces, the jet
will split or will be formed by the whipping instability. The process of concentration of ions
at the surface of a jet preceding the onset of splitting or whipping instability is shown in
Figure 11 [10]. The condition of the process, such as solution viscosity, the amount of ions
per volume unit, etc., predetermines the length of a jet.
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Figure 11. Radial movement of ions in a jet.

In the polymer solution entering the electrospinning process, the ions are more or less regularly
distributed in the volume. When the stretching of a jet starts, the ions move toward the surface
of the jet due to repulsive forces. As soon as the concentration of ions at the surface and the
corresponding repulsion forces are big enough, the disintegration process starts. The viscosity
and conductivity of solution are the key parameters influencing the time necessary for the
onset of disintegration. If the viscosity is high, movement of ions toward the surface takes more
time,and the length of the jet will be greater [16]. The addition of salt increases the conductivity
of solution as well as a number of ions in the solution. If a number of ions are high, the time
for ions to reach critical concentration will be shorter. Consequently, the jet will be shorter [16].

3.2.12. Launching time of jet

Highly concentrated solutions have an intensive entanglement of polymer chains. Therefore,
coulombic repulsion force will not be sufficient to start jetting. However, the surface area has
to be increased to accommodate the charge build-up on the jet surface which occurs through
the formation of fibers. Deitzel et al. [56] suggested mobility of particles in electrospinning jet
initiation to occur from the surface layers of the cone. The reason is partly due to surface shear
forces generated by the potential difference between the electrodes.

The time needed for Taylor cone formation (characteristic hydrodynamic time) was experi-
mentally determined from voltage-time oscilloscope records of the electrospinning onset event
that were accompanied by video-records [57]. It was hypothesized that the characteristic
hydrodynamic time is of the same order as the theoretically derived reciprocal value of the
wave growth rate that is denoted here as “relaxation time.” The derivation was based on the
linear stability analysis. It was found that these times are of dynamic nature and hence they
are viscosity dependent. The theoretical derivation of relaxation time for conductive viscous
liquids was introduced and related to experimental measurements of characteristic hydrody-
namic times. It was assumed that relaxation time T is the reciprocal quantity to the growth
factor A, A=1/T.
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A=—-0,K*+ /051(4 -3 (24)

where ()% is the dimensionless square of the angular frequency of a nonviscose liquid, A is the
dimensionless growth factor of a viscose liquid; K is the dimensionless wavenumber and O, is
the Ohnesorge number.
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Figure 12. Launching time of jets according to the various molar ratio of tetra ethylene ammonium bromide (T) and
lithium chloride (L) content of salts in polyurethane (PU) solution.

Recently, it was suggested the measurement of launching time by observing and recording the
timing. The results indicated that additives have asignificant influence on the launching of jets
as shown in Figure 12 [10].

Additional salt increases the conductivity of the solution. The charged solution can easily
influence from the electrical field between the electrodes and yields to form Taylor’s cone.

4. Conclusion

A needleless electrospinning system is a significant method for the industrial production.
Compared to the needle electrospinning system, there still requires more work to define the
parameters and measurement methods of parameters. This chapter summarizes the parame-
ters of needleless electrospinning. First, parameters grouped as dependent and independent
parameters. Then, the relationship between parameters is defined, and the measurement
methods were introduced systematically. The results can be concluded that:

* The total electric current in the roller electrospinning is more or less proportional to the
spinning performance. On the contrary, the current per jet is not commensurate with the
spinning performance per jet. This discrepancy evoked a more thorough investigation of
the phenomena. The results were separately published [11] and are not a part of this chapter;
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* The relationship between the number of jets and the spinning performance on the roller
velocity is generally nonmonotonous. The main influence factors for the relation are the
thickness of solution layer and feed rate versus movability of jets against the roller surface
[10, 42];

* The launching time of jets does not influence the number of jets on the spinning roller and
spinning performance significantly. It only can affect the starting period of the spinning
process. As soon as the spinning process becomes stable, the number of jets depends on
other parameters and is principally stable;

* The experimentally found distance between jets is in a reasonably good agreement with
theoretical conclusions of Lukas. Nevertheless, it depends on some more variables than
Lukas considered, namely on the conductivity of polymer solution;

* The spinning area mainly depends on the movement of the roller. Experimental results of
PEO showed that increasing roller rpm decreases the spinning area except PEO without salt.
The relationship between the spinning area and spinning performance is related to the
number of jets. The higher number of jets means the larger spinning area which also means
higher SP [42];

* The length of jets mainly depends on the amount of salt which is related to conductivity and
the viscosity of the solution. Experiments showed that there is no relation between SP and
length of jets [10];

* The effect of the rotating roller on fiber surface morphology indicates that increasing roller
speed increase the fiber diameter and nonfibrous area. Itis necessary to optimize roller speed
to obtain proper fiber diameter and minimum nonfibrous area for every polymer solution
(10, 42];

* The salts may influence the entanglement number and polarity of macromolecules when
creating complex bonds with them. On the other hand, the salts increase the conductivity
of solutions which may cross the limits supposed by the model of a “leaky dielectric.”

The role of all parameters is important for better productivity of nanofibers in fine diameter.
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Abstract

Silk fibroin nanofibres were fabricated using a needleless electrospinning technique.
The procedure focused on a new method for the preparation of a spinning solution from
silk fibroin. The role of the concentration of silk fibroin solution, applied voltage and
spinning distance were investigated as a function of the morphology of the obtained
fibres and the spinning performance of the electrospinning process. The biocompati-
bility of the obtained fibre sheets was evaluated using an in vitro testing method with
MG-63 osteoblasts. The solvent system consisted of formic acid and calcium chloride
that can dissolve silk fibroin at room temperature, and a rate of 0.25 g of calcium chloride
per 1 g of silk fibroin was required to obtain a completely dissolved silk fibroin solution.
The diameters of the silk electrospun fibres obtained from the formic acid—calcium
chloride solvent system ranged from 100 to 2400 nm, depending on the spinning
parameters. Furthermore, increasing the concentration of the silk fibroin solution and
the applied voltage improved spinning ability and spinning performance in needleless
electrospinning. In addition, in vitro tests with living cells showed that the obtained
electrospun fibre sheets were highly biocompatible with MG-63 osteoblasts.

Keywords: silk fibroin, needleless electrospinning, formic acid, calcium chloride

1. Introduction

Silk is a fibrous protein that is produced by a variety of insects, including the silkworm, and
silk fibres from silkworms have been used in textiles for almost 5000 years. The primary
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reasons for this enduring use have been the unique lustre, tactile properties, high mechanical
strength, elasticity, durability, softness and dyeability of silks. Silks also display interesting
thermal and electromagnetic responses, particularly in the UV range, for insect entrapment,
and form crystalline phases related to processing [1]. In addition to its outstanding mechanical
properties, silk is a candidate material for biomedical applications, as it has high biological
compatibility and oxygen and water vapour permeability, in addition to being biodegradable
and having minimal inflammatory reactions [2-5]. Silks have historically been employed in
medicine as sutures during the past 100 years, and are still currently used in this manner, as
well as in a variety of consumer product applications. Commercially, silkworm cocoons are
mass-produced in a process termed ‘sericulture’ [1]. Although the silkworm spins its cocoon
from a continuous filament of silk, the remainder of the silk cocoon is unsuitable for reeling
and is known as silk waste. Silk waste also encompasses waste silk from all stages of produc-
tion, from reeling through weaving. The composition of silk waste is similar to that of good
silk. It has been roughly characterised by scientists, and has shown a high level of remaining
nutrients, such as protein and lipid, which can be transformed into high-value products, for
example, cosmetics, medical materials for human health, and food additives [6].

The silk fibroin protein is a structuring molecule that can be processed into numerous forms
using a variety of techniques. Several different material morphologies can be formed from
aqueous or organic solvent formulations of the natural fibre form of silk for utilisation in
biomaterials for biomedical applications. Natural silk fibres dissolve only in a limited num-
ber of solvents because of the presence of a large amount of intra- and intermolecular hydro-
gen bonds in fibroin and its high crystallinity. Dissolution methods used for solubilising
degummed silk fibroin fibres generally rely on strong chaotropic agents, including concen-
trated acids (hydrochloric acid, phosphoric acid and sulphuric acid) and aqueous salt solu-
tions in high ionic strength (such as lithium thiocyanate, lithium bromide, calcium chloride,
zinc chloride and magnesium chloride) to neutralise the hydrogen bonds stabilising the silk
crystal structure. Consequently, the conditions of the dissolution process can influence the
chemical composition and the molecular structure of the silk protein, affecting its biomateri-
al properties [7, 8].

The most ubiquitous method of producing regenerated silk fibroin solution is through the
use of heavy salts, such as LiBr or CaCl,. The degummed fibres can be dissolved using
LiBr (9.3 M) solution or a ternary solvent system of CaCl,/C,H;OH/H,O (1/2/8 mole ratio)
to disrupt hydrogen bonding between the fibroin protein chains. The solution should then
be allowed to thoroughly dissolve for up to 4 hours at 60°C to ensure complete dissolu-
tion. The heavy salts can then be removed from the silk solution through dialysis against
deionised water over a period of 72 hours. Typically, the molecular weight cut-off for the
dialysis membrane is 3500 Da, which is sufficiently permeable to allow the salts and water
to travel freely, while retaining the fibroin light and heavy protein chains, respectively.
The main disadvantage of a salt-containing aqueous solvent is the long preparation time,
as aqueous solutions of fibroin must be dialysed for several days in order to remove the
salts and recover the polymer as films, sponges or powder from the aqueous solution by
dry forming. In some organic solvents (e.g. hexafluoroacetone and hexafluoroisopropanol),
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silk fibroin can be dissolved only after preliminary activation by dissolution in aqueous
salt systems followed by recovery [7-9].

The electrospinning of silk solution is a favoured processing methodology for producing
nanometre- to micron-scale fibres that result in a high degree of available surface area for
use in creating scaffolds for tissue engineering and regenerative medicine purposes [9].
Electrospinning technology can be divided into two branches: needle electrospinning and
needleless electrospinning. The needle electrospinning setup normally comprises a high-
voltage power supply, and a syringe needle connected to a power supply and a collector.
During the electrospinning process, a high electric voltage is applied to the polymer solu-
tion. When the electric force overcomes the surface tension of the polymer solution, the
latter is ejected off the tip of the Taylor cone to form a polymer jet [10, 11]. As a needle can
produce only one polymer jet, needle electrospinning systems have very low productivity,
typically less than 0.3 g/h per needle, making them unsuitable for practical uses [10]. How-
ever, needleless electrospinning systems have recently been developed, in which, instead of
the generation of a polymer jet from the tip of the needle, polymer jets form from the sur-
face of free liquid by self-organisation [11-19]. For example, Jirsak et al. [14] invented a
needleless electrospinning system using a roller as the fibre generator. The roller electro-
spinning device contains a rotating cylinder electrode, which is partially immersed in a
polymer solution reservoir. When the roller slowly rotates, the polymer solution is loaded
onto the upper roller surface. Upon application of a high voltage to the electrospinning
system, a number of solution jets are simultaneously generated from the surface of the ro-
tating spinning electrode, thereby improving fibre productivity [10].

In order to utilise silk waste, as well as to achieve large-scale production of electrospun
fibre sheets, the regeneration of silk fibres is necessary, via a simple, but efficient, spinning
process. A needleless electrospinning technique was chosen for fabrication of silk fibroin
electrospun fibre sheets in the present study, as a result of its capacity to fabricate nanofi-
bre layers on a mass industrial scale. However, needleless electrospinning is a new techni-
que, and the majority of previous research on electrospinning of silk fibroin has focused on
the needle electrospinning system. There is little information relating to the electrospinning
of silk fibroin with a needleless system; therefore, the parameters of the spinning process
have not been identified. The aim of the present research was to fabricate silk fibroin nano-
fibres with a needleless electrospinning method, and the experiment intensively concentrat-
ed on the effect of various parameters on the electrospinning process. The role of the
concentration of silk fibroin solution, applied voltage and working distance were investi-
gated as a function of the morphology of the obtained fibres and the spinning performance
of the electrospinning process. In addition, a new method for preparation of the spinning
solution, namely, dissolving silk fibroin in a mixture of formic acid and calcium chloride,
was used for solution preparation instead of a ternary solvent system of CaCl,/
C,H;OH/H,O [20], which has been widely used to dissolve silk fibroin. Furthermore, char-
acterisation of properties of the obtained electrospun fibre sheets and their interaction with
living cells was also carried out.
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2. Experiment

2.1. Materials

Waste cocoons of Bombyx mori Linn. Thai silkworm (Nang-Noi Srisakate 1) were supplied from
Chan farm, Amphoe Mueang Chan, Si Sa Ket Province, Thailand, and waste silk cocoons, in
the form of pierced cocoons, were obtained from the supplier. FBA-free ECE phosphate
reference detergent (Union TSL Co., Ltd., Thailand) was used as a soaping agent in the
degumming process. The chemicals used for the preparation of the spinning solutions were
calcium chloride and 98% formic acid. All other chemicals used in this study were reagent
grade.

2.2. Preparation of silk fibroin solutions

Silk fibroin (SF) was obtained using a degumming process. In brief, pierced cocoons were
cleaned by first manually removing the contaminants and then washing twice with water. The
cleaned raw cocoons were then dried in the sun. Raw silk cocoons were degummed twice with
1 M sodium carbonate (Merck Ltd.) and 0.5% of a soaping agent at 100°C for 30 minutes.
Following degumming, the silk fibroin was washed in boiling water for 30 minutes to remove
any remaining sericin from the surface of the fibre, and then washed again with warm water
and dried at room temperature. Silk fibroin solutions were prepared by dissolving the
degummed silk fibres in a mixture of formic acid and calcium chloride. The silk fibroin
concentration varied from 6 to 14 wt%. All solutions were magnetically stirred at room
temperature overnight.

2.3. Investigation of the effect of calcium chloride on the dissolution behaviour of silk
fibroin in formic acid

In order to ascertain the appropriate amount of calcium chloride for dissolution of silk fi-
broin in formic acid, degummed silk fibres were directly dissolved in formic acid (98%)
with various amounts of calcium chloride to prepare 12 wt% of silk fibroin solution. The
weight ratio of silk fibroin to calcium chloride was 1:0.20, 1:0.25, 1:0.30, 1:0.35 and 1:0.40
(w/w), respectively. All solutions were magnetically stirred at room temperature and then
electrospun into fibre sheets.

2.4. The needleless electrospinning process

A schematic representation of the equipment used in the spinning process is presented in
Figure 1. The electrospinning device contained a rotating electrode, which was made of
stainless steel wire of 125 mm in length and 0.02 mm in diameter (Figure 2), and a solution
reservoir. The solution reservoir, which had a high voltage connected to the bottom of the
solution bath, was filled with the silk fibroin solution. The process parameters are shown in
Table 1. The electrospun fibres sheet was collected on the backing material moving along the
collector electrode at a velocity of 10 mm/min.



Fabrication of Silk Fibroin Nanofibres by Needleless Electrospinning
http://dx.doi.org/10.5772/65835

Take-up cylinder Supporting material
Output of air
l
Ll
Collector eletrode
Fibre sheet 7~
L
Air Input of
Rotating =—  =— conditioned air
electrode™—__ @ -
— Polymer
solution

High-voltage source

Figure 1. Schematics of the needleless electrospinning setup.
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Figure 2. A spinning electrode.

Process parameters Parameters level

Silk fibroin concentration (wt%) 6,8,10,12, 14

Applied voltage (kV) 30, 40, 50, 60

Distance between electrodes (mm) 100, 125, 150

Air humidity (%) 35-40

Temperature (°C) 20-25

Table 1. The spinning parameters of an electrospinning experiment.

2.5. Post-treatment of electrospun fibre sheets

Electrospun fibre sheets were treated with alcohol to achieve the solvent-induced crystallisa-
tion of the silk fibroin and to reduce the water solubility of the fibre sheets. The obtained fibre
sheets were immersed in absolute ethanol for 30 minutes. After drying at room temperature,
the treated fibre sheets were removed from the backing substrate and immersed in distilled
water overnight, after which they were rinsed in distilled water to remove residual salts and
then finally dried again.
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2.6. Characterisation

2.6.1. Morphology analysis and fibre diameter

The morphological appearance of the electrospun fibres was observed with a scanning electron
microscope (Vega 3, Tescan, Czech Republic) at an accelerated voltage of 20 kV. All the samples
were sputter-coated (Q150R ES, Quorum Technologies Ltd., England) with gold at a thickness
of 7 nm. The diameter of the nanofibres was measured by counting image pixels with NIS-
Elements AR image software (LIM s.r.0., Czech Republic). The average fibre diameter and
distribution were determined from 200 random fibres obtained under each spinning condition.

2.6.2. Spinning performance of the electrospinning process

Spinning performance is one of the most important parameters of the needleless elec-
trospinning method. It was calculated from the mass per unit area and width of the
electrospun fibre sheets and the velocity of the backing material, using the equation 1
[16]:

GxWfo
P=——
L

r

)

where P is a spinning performance (g/min/m), G is a mass per unit area of electrospun fibres
sheet in grams per square metre (g/m?), W is width of fibre layers in metres (m), V;is take-up
cylinder speed in metres per minute (m/min) and L, is length of spinning electrodes in metres

(m).
2.7. In vitro tests of silk electrospun fibre sheets

2.7.1. Preparation of scaffolds and cell seeding

The fibre sheets were cut into small disks with a diameter of 6 mm to fit each well of a 96-well
plate. The specimens were sterilised by immersion in a 70% aqueous ethanol solution for 30
minutes, followed by double washing in phosphate-buffered saline (PBS, Lonza). MG-63
osetoblasts were cultivated in Eagle's Medium (Lonza) supplemented by 10% foetal bovine
serum and 1% antibiotics. The cells were placed in a humidified incubator at an atmosphere
of 5% CO, at 37°C. When they became confluent, the cells were suspended using trypsin-EDTA,
centrifuged and re-suspended in fresh complete medium. The number of cells was determined
by a Luna™ cell counter. Osteoblasts were seeded on the scaffolds and placed in a 96-well plate
at a density of 5 x 10° per well plate. The medium was changed three times per week during
the experiment.

2.7.2. Cell adhesion and proliferation analysis

The viability of the cells seeded on the scaffolds was analysed via MTT test after 1, 3, 7 and 14
days of culture. In brief, after cell culture, 50 ul MTT solution (Sigma Aldrich) was added to
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150 pl of Dulbecco’s Modified Eagle’s Medium (DMEM) and the specimens were incubated at
37°C for 4 hours. When MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide) was reduced to purple formazan by mitochondrial dehydrogenase in the cells, this
indicated normal metabolism. The formed violet crystals of formazan were then solubilised
with acidic isopropanol, and the optical density of the suspension was measured using an
Absorbance Reader ELx808 (BioTek). For each testing day, four samples of each material were
incubated with MTT solution and average absorbance was calculated as the difference between
absorbance measured at 570 nm and by reference wavelength of 690 nm.

2.7.3. Fluorescence microscopy analysis

After the culture period, the samples were washed twice in PBS and fixed in frozen methanol
for 30 minutes followed by double washing with PBS and staining with propidium iodide (PI
dilution 2 g/1 PBS, Sigma Aldrich) for 10 minutes in the dark. The stained cells were observed
by inverted fluorescence microscope (Nikon).

2.7.4. Cell morphology

The cell morphology was analysed using a scanning electron microscope (SEM). After days of
culture the samples were washed twice in PBS and fixed in 2.5% glutaraldehyde in PBS for 30
minutes at 4°C. The samples were then dehydrated by gradients of ethanol (60, 70, 80, 90, 96
and 100%, respectively). After water removal, the scaffolds were transferred to the SEM holder,
sputter-coated with gold and observed under the SEM.

3. Results and discussion

3.1. The effect of calcium chloride on the dissolution behaviour of silk fibroin

3.1.1. The effect of calcium chloride on solubility of silk fibroin in formic acid

Figure 3 shows the difference in dissolution of silk fibroin in formic acid with varying amounts
of calcium chloride. It was observed that silk fibroin was insoluble in formic acid, but was
soluble in a mixture of formic acid and calcium chloride. This shows that calcium chloride can
improve the solubility of silk fibroin in formic acid. It is suggested that calcium chloride has a
chaotropic property that disrupts stabilising intra-molecular forces, such as hydrogen bonds,
van der Waals forces and hydrophobic interactions, in protein structures by shielding charges.
Hydrogenbonds are stronger in non-polar media. Calcium chloride that increases the chemical
polarity of the solvent can also destabilise hydrogen bonding in the silk fibroin structure and
ion-dipole interactions between the salts and hydrogen bonding species, which are more
favourable than normal hydrogen bonds. This increases the solubility of hydrophobic proteins
in the solvent [7, 21]. The results showed that silk fibroin completely dissolved in formic acid
when the weight ratio of 1:0.25 (w/w) of silk fibroin to calcium chloride was used.
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Figure 3. The dissolution of silk fibroin in formic acid with varying amounts of calcium chloride: (a) without CaCl,; (b)
1:0.15; (c) 1:0.20; (d) 1:0.25 [SF:CaCl, (w/w)].
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Figure 4. SEM micrographs and diameter distribution of electrospun fibres prepared from silk fibroin 12 wt% with
varying amounts of CaCl,: (a) 1:0.25; (b) 1:0.30; (c) 1:0.35; (d) 1:0.40; (SEM magnification 5x).
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3.1.2. The effect of calcium chloride on the morphology of silk fibroin electrospun fibres

The SEM micrographs and diameter distribution of the silk fibroin electrospun fibres prepared
from silk solutions with varying amounts of calcium chloride are shown in Figure 4. The results
showed that the average fibre diameter increased with an increase in the amount of calcium
chloride. Moreover, increasing the weight ratios of silk fibroin to calcium chloride affected the
morphology of the obtained fibres; the fibres changed slightly from circular cross section to
flat. Itis assumed that the addition of a large quantity of calcium chloride can resultin a change
in the evaporation of solvent. Calcium chloride has the capacity to attract moisture from the
air and surroundings, so the capacity of the silk fibroin solution to absorb water was increased
when the amount of salt was increased. As a result, the solution absorbed more ambient water
during electrospinning. The absorption of water does not allow completion of the drying
process during the time of flight of the solution jet, and this phenomenon could lead to a
slowing in evaporation of the solvent, which may result in an increase in fibre diameter and
produce congealed mats instead of unwoven fibres [22, 23]. Therefore, the weight ratios of
1:0.25 and 1:0.30 (w/w) of silk fibre to calcium chloride appear to be suitable for the preparation
of silk fibroin solution, which is used for an electrospinning process. The weight ratio of 1:0.25
(w/w) was eventually preferred and used throughout the remaining experiments.

3.2. The effect of parameters on needleless electrospinning of silk fibroin

3.2.1. The effect of silk fibroin concentration

The effect of concentration of the solution on fibre morphology with the applied voltage of 60
kV when the silk fibroin concentration increased from 6 to 14 wt% was considered. The effect
of silk concentration on the morphological appearance and diameter of the electrospun fibres
was investigated by SEM, as shown in Figure 5. It was found that an increase in the concen-
tration of silk fibroin solution produced a significant effect on the average fibre diameter and
the uniform diameter distribution of the obtained electrospun fibre. The results showed that
the fibre diameter and non-uniform fibre diameter distribution of the obtained electrospun
fibres increased with an increase in the silk fibroin concentration, showing the important role
of the concentration of the silk fibroin solution in fibre formation during the needleless
electrospinning process. When the concentration was increased from 6 to 14 wt%, the average
fibre diameter increased from 191 to 1500 nm, respectively. The concentration of the polymer
solution reflects the number of entanglements of polymer chains in the solution, which, in turn,
affected the viscosity of the solution. An increase in the concentration of the silk solution
resulted in greater polymer chain entanglement. Thus, the viscosity of the solution also
increased. At higher concentrations, the diameter of the fibre was greater. In addition, the
interaction between the solution and the charges on the jet determined the distribution of the
fibre diameters that were obtained. This was probably due to the number of jets that formed
during electrospinning. Multiple jets may have formed from the main electrospinning jet,
which was sufficiently stable to yield fibres of a smaller diameter at certain concentrations,
thereby generating fibres with various diameters [24, 25].
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Figure 5. SEM micrographs and diameter distribution of electrospun fibres produced by needleless electrospinning
with silk fibroin solution at various concentrations : (a) 6 wt%; (b) 8 wt%; (c) 10 wt%; (d) 12 wt%; (e) 14 wt% (magnifi-
cation 5x).

In this study, the concentration of the silk solution played an important role in the spinnability
of the needleless system. At low concentrations of spinning solution, non-fibrous formations
were produced instead of nanofibres with beads. It is possible that Taylor cones are created in
needleless electrospinning by picking up the spinning solution covering the surrounding
spinning electrode [5, 14]. In low-concentration spinning solutions, the viscosity of the solution
is also generally low. Such solutions cannot be loaded on the surface of the spinning electrode
because of their lack of viscosity. When Taylor cones do not form on the surface of an electrode,
the electrospinning process results in non-fibrous formations [24]. It was observed that no
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fibres were formed when a silk fibroin concentration of less than 6 wt% was used for this
spinning condition. Although a silk fibroin solution with a 6 wt% concentration can spin into
nanofibres with the needleless system, the spinning solution still has a low viscosity. Therefore,
some droplets were observed on the obtained fibre sheet. A further increase in the concentra-
tion of silk fibroin up to 8 wt% resulted in continuous nanofibres and the droplets disappeared.
This was due to the fact that there were sufficient molecular chain entanglements in the
polymer solution to prevent the breakup of the electrically driven jet and to allow the electro-
static stresses to further elongate the jet to form fibres. Therefore, the silk fibroin solution
required a concentration of at least 8§ wt% to produce continuous silk fibres with a nanometre
diameter under the experimental conditions of the present study.

In addition to affecting the fibre morphology and spinnability, the concentration of the
spinning solution also influenced the spinning performance (see Figure 6). Under the same
processing parameters, the spinning performance increased constantly from 0.22 to 2.05 g/min/
m when the silk fibroin concentration increased from 6 to 14 wt%. The reason for this was the
high solution viscosity, which facilitated jet/filament formation.

1.0

05 4

Spinning performance (g/min/m)

LLLUNE

Concentration (wt%s)

Figure 6. The effect of silk fibroin concentration on the spinning performance of the process.

3.2.2. The effect of applied voltage

The applied voltage is a very important parameter with regard to the formation of jets in
electrospinning systems because a high voltage is used to create an electrically charged jet in
a polymer solution [15, 18]. In order to evaluate the effect of the applied voltage on the
electrospinning process, a spinning solution with a concentration of 12 wt% was electrospun
at a voltage between 30 and 60 kV. SEM micrographs of the obtained fibre and their diameter
distributions at the different voltages are shown in Figure 7. In the present study, the critical
voltage required to initiate silk nanofibres in the needleless electrospinning system was higher
than in the needle system [24]. When the silk fibroin solution was charged with an electric
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voltage higher than 26 kV, a number of jets were generated from the surface of the spinning
electrode. The results showed that increasing the applied voltage produced an effect on the
fibre diameter, but the concentration of silk fibroin solution appeared to have a greater effect
on the fibre diameter than did the applied voltage. With an applied voltage increase from 30
to 60 kV, the average fibre diameter decreased from 940 to 710 nm, respectively.

Figure 7. SEM micrographs and diameter distribution of electrospun fibres prepared by needleless electrospinning
from silk fibroin 12 wt% at various applied voltages: (a) 30 kV; (b) 40 kV; (c) 50 kV; (d) 60 kV (SEM magnification 5x).

However, the spinning performance of the electrospinning process was influenced by the
applied voltage and polymer concentration; it changed from 0.25 to 1.49 g/min/m, when the
voltage was increased from 30 to 60 kV (Figure 8). As the electric field was the main driving
force initiating the formation of Taylor cones and jets from the surface of the solution, increas-
ing the electric voltage increased the electrostatic force on the polymer jet, which favoured
further elongation of the jet and the formation of smaller fibres.

In contrast, the electric field also functioned to overcome the frictional forces that acted within
the moving polymer solution and to accelerate filament movement towards the collector
electrode. It is easier to generate solution jets at higher applied voltage in a polymer solution
charged by a stronger electric field, because a larger amount of solution is removed from the
surface of the solution, thereby improving the spinning performance of the process [12, 15, 17].
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Figure 8. The effect of applied voltage on the spinning performance of the process.

3.2.3. The effect of distance between electrodes

In order to study the effect of spinning distance on the morphology of the obtained electrospun
fibres and the spinning performance of the process, spinning solutions with a concentration
of 12 wt% were electrospun at a high voltage of 60 kV. Electrospinning was carried out at a
distance of 100, 125 and 150 mm. SEM micrographs of the resulting fibres and their distribu-
tions at the different spinning distances are shown in Figure 9. It was shown that an increase
in spinning distance had a less significant effect on the average fibre diameter, but produced
an effect on the spinning performance of the electrospinning process. With an increase in the
distance from 100 to 150 mm, the average fibre diameter decreased from 710 to 647 nm, and
the spinning performance of the electrospinning process changed from 1.49 to 0.70 g/min/m
when the distance was increased (Figure 10). The distance between the spinneret and the
collector is a key factor in determining the morphology of fibres and the spinning performances
that are produced. It is suggested that increasing the distance has the same effect as decreasing
the applied voltage, and that this will lead to a decrease in the field strength. As the electric
field is the main driving force in initiation of the formation of jets from the surface of the
solution, decreasing the electric voltage will decrease the electrostatic force on the polymer jet,
resulting in a decrease of the spinning performance of the process. In other circumstances,
increasing the distance results in a decrease in the average fibre diameter. As mentioned
previously, jet elongation and thinning only occurs while the jet is in flight and still a fluid.
This elongation occurs as a result of charge repulsion between ions in the solution combined
with a net pull towards the collector. While in flight, the polymer solution solidifies as the
solvent evaporates from the surface, forming polymer fibres. Therefore, increasing the
spinning distance will increase the time for thinning to occur, and, provided the polymer is
not yet solid, the fibre diameter will be reduced [22].
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Figure 9. SEM micrographs and diameter distribution of electrospun fibres prepared by needleless electrospinning
from silk fibroin 12 wt% at different spinning distance: (a) 100 mm; (b) 125 mm; (c) 150 mm (SEM magnification 5x).
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Figure 10. The effects of spinning distance on the spinning performance of the process.

3.3. In vitro cell interaction with MG-63 osteoblasts

The viability of cells seeded on the fibre sheets was measured by the MTT test during culture.
The results are shown in Figure 11, and it can be seen that the tested materials supported
osteoblast proliferation during 2 weeks of culture. The proliferation rate of MG-63 osteoblasts
increased after 7 days of culture, whereas the absorbance increased. The highest proliferation
rate was found between days 7 and 14.
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Figure 11. Cell viability measured by MTT test after culture with MG-63 osteoblasts.

Figure 12. Fluorescence microscopy of MG-63 osteoblasts stained with propidium iodide during cell culture: (a) 1 day;
(b) 3 days; (c) 7 days; (d) 14 days (magnification 100x).

As shown in Figure 12, the cells adhered and proliferated well on the surface of the fibre sheets
during the time of culture. Fluorescence microscopy pictures confirmed the MTT test results
that were obtained in the previous experiment. This showed a very high biocompatibility
between silk fibroin and MG-63 osteoblasts.

The SEM micrographs from the scanning electron microscopy were in accordance with the
fluorescence microscopy results, as well as the MTT test. As shown in Figure 13, the tested
materials showed good adhesion when evaluated 1 day after seeding of osteoblasts onto the
fibre sheets. During the 2 weeks of the experiment, the cells proliferated through the surface
of the fibre sheets and covered most of their surface, and single cells can be distinguished. The
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results were confirmed by viability measurement with the MTT test and fluorescence micro-
scopy, as well as scanning electron microscopy.

Figure 13. SEM micrographs of the fibre sheets after cells were cultured with MG-63 osteoblasts: (a) 1 day; (b) 3 days;
(c) 7 days; (d) 14 days (SEM magnification 1x).

4. Conclusion

Silk fibroin nanofibres were electrospun with a needleless electrospinning method, focusing
on the effect of the processing parameters on the morphology of the obtained fibres and the
spinning performance of the electrospinning process. The use of formic acid-calcium chloride
as the solvent for silk fibroin dissolution has the advantage of being simple in an operation. A
solvent system consisting of formic acid and calcium chloride directly dissolved silk fibroin at
room temperature. The weight ratio of 1:0.25 (w/w) of silk fibres to calcium chloride appears
to be suitable for the dissolution of silk fibroin in formic acid. Thus, dissolution of silk fibroin
in formic acid and calcium chloride could potentially be employed in the preparation of
spinning solution for a large-scale production of silk nanofibres with a needleless electrospin-
ning method.

In a needleless electrospinning process of silk fibroin in this solvent system, the concentration
of the silk solution played an important role in the spinnability. Concentrations of silk fibroin
ranging from 8 to 12 wt% appear to be suitable for the preparation of silk fibroin nanofibres
with needleless electrospinning. Furthermore, increasing the concentration of the silk fibroin
solution improved the spinning ability and the spinning performance of the electrospinning
process. An increase in the applied voltage also enhanced the spinning performance of the
process; however, an increase in the applied voltage had little effect on the reduction of the
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diameter of silk fibroin electrospun fibres. In contrast, the variation of spinning distance in the
spinning process affected the spinning performance. The spinning performance of the process
was decreased when the spinning distance was increased. Although the electrospinning
technique and dissolution method are different from those used in previous studies, the results
from in vitro tests with MG-63 osteoblasts showed very high biocompatibility with regard to
silk fibroin electrospun fibre sheets. The fibre sheets were capable of promoting adhesion,
spreading and proliferation. It can be assumed that the electrospun fibre sheet is a promising
material for biomedical applications, such as bone-tissue engineering.
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Abstract

Electrospinning employs a strong electric field to draw charged polymer fluids or melts
into fibers with diameter in the range from tens of nanometers to microns. The
relatively simple experimental setup, a wide range of suitable materials, and the
possibility of incorporating bioactive molecules into the fibers make electrospinning a
versatile process in creating scaffolds for tissue engineering applications. This chapter
reviews the electrospinning process and discusses how solution and processing
parameters affect the electrospun fiber structure and function. A brief overview of
various surface modification methods used for enhancing the cell adhesion, prolifera-
tion, and differentiation on the fibrous scaffolds is provided. Commonly used methods
include physical entrapment, chemical treatment, and coelectrospinning. The
application of electrospun fibrous scaffolds in tissue engineering is reviewed, focusing
on recent progress in the regeneration of skin, vasculature, bone, ligaments, and
tendons.

Keywords: electrospinning process, electrospun fibers, scaffolds, surface modification,
tissue engineering

1. Introduction

Electrospinning is closely related to the more established technology of electrospraying, a
process in which electrostatic forces are used to control the formation of fluid droplets. The
earliest description of electrospraying can be traced back to the early seventeenth century,
when William Gilbert observed that a drop of water deformed in a cone in the presence of
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charged amber [1]. John Zeleny's work on the effect of an electric field on a liquid meniscus in
the early twentieth century was considered as the beginning to the development of electro-
spraying and electrospinning technologies [2, 3]. In the mid-1960s, Sir Geoffrey Ingram Taylor
published a series of articles and established the theoretical framework to understand the
behavior of electrified fluids [4, 5]. The theory has been further developed and refined by more
recent literature [6-9] that helps to better understand and guide the electrospraying/electro-
spinning process.

Electrospraying has been widely applied to develop commercial technologies such as ioniza-
tion source for mass spectrometry, liquid metal ion source for ion implantation, focused ion
beam instruments, and electrostatic precipitation of nanoparticles. Interest in electrospinning
grew more slowly until mid-1990s, when work led by Reneker and coworker demonstrated
the production of continuous nanofibers using electrospinning and predicted their potential
applications in filtration, biology, energy conversion, and agriculture [10]. The past decade has
seen exponential growth in electrospinning-related literature, totaling over 3000 articles and
1000 issued patents from 2001 to 2015 [11].

Tissue engineering is an emerging multidisciplinary field that integrates engineering princi-
ples with biology and medicine with the goal of restoring or enhancing tissue or organ
functions [12]. One key component of a tissue-engineered construct is a porous biodegradable
scaffold to provide structural support for the cells. The relatively simple and inexpensive setup
makes electrospinning a versatile process with high production capability to form submicron
sized nonwoven fibrous scaffolds. The possibility of incorporating one or multiple bioactive
factors is another advantage of the process.

This chapter will review the electrospinning process, and discuss how solution and process
parameters affect the morphology of different types of polymer fibers. The inherent hydro-
phobicity of many synthetic polymers leads to suboptimal cell adhesion and functions on
electrospun fibrous scaffolds. We will discuss different surface modification methods to
enhance cell adhesion, proliferation, and differentiation. Finally, we will provide some case
studies to illustrate the application of electrospun fibers as scaffolds to regenerate a variety of
tissues.

2. Electrospinning process control

2.1. Process overview

Electrospinning uses electrostatic forces to produce fibers from polymer solutions. One
attractive feature of this process is the relatively simple and inexpensive experimental setup.
A typical electrospinning apparatus (as shown in Figure 1) consists of three components: a
spinneret (usually a metal hollow needle), a high voltage source, and a collector (grounded or
negatively biased). A syringe pump is commonly used to drive a polymer solution or polymer
melt out of the spinneret.
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Figure 1. Schematic of a typical electrospinning system. A high voltage applied between the spinneret tip and the col-
lector creates an electrified fluid jet, which is accelerated toward the grounded collector, forming continuous fibers.

In electrospinning, polymer fibers are formed by the generation and elongation of an electrified
fluid jet. Under the application of a high voltage, when the electrostatic force from the repulsion
of like charges in the fluid overcomes the surface tension, the fluid droplet coming out of the
spinneret deforms to a conical shape called a Taylor cone, named after Sir Geoffrey Ingram
Taylor with his pioneering work on electrified fluids [5].

Figure 2. A pair of stereographic stroboscopic picture of a jet of polyethylene oxide, molecular weight 400,000, dis-
solved at a concentration of 6% in a mixture of 75% water and 25% ethanol, recorded during electrospinning. Reprint-
ed with permission from Reneker and Yarin [13].

Taylor also proposed a “leaky dielectric” model for the moving electrified fluid that behaves
like neither a perfect dielectric nor a perfect conductor [4]. The flow of charge through the fluid
leads to elongation and thinning of the jet. Repulsive interactions between like charges in the
fluid cause bending instability [9]. Theoretical modeling and video observation using high
speed CCD cameras both showed that the fluid jet bent and stretched in a conical envelop,
creating a highly spiral jet path, as shown in Figure 2. When the jet reaches the collector,
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continuous fibers are produced. The diameter of electrospun fibers usually falls in the range
between tens of nm and 1 mm.

Despite the simple experimental setup, the electrospinning process is affected by many
variables such as the polymer type and molecular weight, solution concentration, viscosity,
surface tension and conductivity, solvent type, voltage, flow rate, distance between needle tip
to collector, and ambient parameters (temperature, humidity). Several theoretical models have
been developed with limited success in predicting the electrospun fiber properties [14, 15].
Obtaining desirable fiber size and distribution remains largely dependent on empirical
observations. On the other hand, while a universal model is not available to predict the
electrospun fiber morphology for different polymer/solvent systems under different process-
ing conductions, some general relationships can be drawn to guide the electrospinning process,
as shown in Table 1. The sections below discuss some of these key parameters that affect the
electrospinning process.

Parameters Effect on fiber morphology

Solution parameters

Solvent vapor pressure  Higher porosity with higher volatility

Polymer concentration Increasing fiber diameter with higher concentration (within optimal range)
Solution viscosity Increasing fiber diameter with higher viscosity (within optimal range)
Solution surface tension ~ No conclusive link

Solution conductivity Decreasing diameter with higher conductivity

Processing parameters

Voltage No conclusive link between fiber diameter and voltage; higher probability of bead

formation with higher voltage
Flow rate Increasing fiber diameter and bead formation with higher rate (above minimum rate)
Needle-collector distance Decreasing fiber diameter with larger distance (within optimal range)
Ambient parameters
Temperature Decreasing fiber diameter with higher temperature

Humidity Higher humidity induces circular pores

Table 1. General relationships between electrospinning parameters on fiber morphology, adapted with permission
from Bhardwaj, Sill and Pham [16-18].

2.2. Solution parameters

A number of solution parameters (such as solvent type, polymer concentration, solution
viscosity, surface tension, and conductivity) play an important role in the electrospun fiber
formation and morphology. These parameters are usually correlated to each other. For
example, a higher polymer concentration corresponds to a higher solution viscosity. The
surface tension and conductivity are both directly related to the type of solvent used.
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2.2.1. Solvent properties

The first step in electrospinning is to dissolve the polymer in a suitable solvent. As the
electrified fluid jet travels toward the collector, the solvent evaporates and phase separation
occurs, leading to the formation of fibers. Table 2 lists some commonly used solvents and their

property data.

Density Vapor pressure Boiling Dielectric Viscosity

(g cm?®) (kPa at 25°C) point (°C) constant (cP at 25°C)
Acetone 0.785 30.6 56.1 20.7 0.31
Acetic acid 1.049 21 118-119 6.2 1.16
Chloroform 1.49 25.9 61.2 4.8 0.53
Carbon disulfide 1.266 48.1 46.2 2.6 0.36
Cyclohexane 0.778 13.1 80.7 2.02 0.98
Dimethyl formaldehyde 0.948 0.52 152-154 36.7 0.80
Ethanol 0.789 7.87 78.4 24.5 1.07
Hexafluoro-2-propanol 1.596 16 58.2 16.7 1.02
Methanol 0.792 17.0 64.7 32.7 0.544
Tetrahydrofuran 0.889 15.2 66 7.6 0.48
Toluene 0.87 3.8 111 24 0.56
Water 1 3.17 100 80.1 0.89

Table 2. Properties of commonly used solvents in electrospinning.

Figure 3. Field emission scanning electron microscopy images of electrospun PS fibers as a function of solution volatili-
ty: (a) 100% THEF (15 kV, WD 8.9 mm); (b) 75/25% THF/DMEF (15 kV, WD 9.3 mm); (c) 50/50% THF/DMEF (15 kV, WD 8.8
mm); (d) 100% DMEF (15 kV, WD 9.0 mm). Reprinted with permission from Megelski et al. [18].

The volatility of the solvent plays an important role in determining the fiber morphology. For
example, polystyrene (PS) fibers electrospun from 100% tetrahydrofuran (THF) (more volatile)
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are highly porous (Figure 3a), whereas using 100% dimethyl formaldehyde (DMF) (less
volatile) gives very smooth fibers and complete disappearance of microtexture and nanopores
(Figure 3d). When a mixture of THF and DMF is used as the solvent, the fibers show increased
pore size and decreased porosity as the solvent volatility decreases [19].

2.2.2. Solution concentration

The polymer concentration influences both the viscosity and surface tension of the solution,
both of which can affect the electrospinning process. The critical entanglement concentration
(Figure 4) is defined as the minimum concentration below which electrospray beads instead
of electrospun fibers will form [20]. On the other hand, if the solution is too concentrated, the
high viscosity will also inhibit the flow of fluid to the needle tip and consequently slows the
electrospinning process.

= Clectrospray Deads
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Figure 4. Critical entanglement concentration for electrospinning. Reprinted with permission from Leach et al. [20].
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Figure 5. Effect of polymer concentration on fiber diameter. Fibers were electrospun from solutions containing varying
concentrations of poly(ethylene-co-vinyl alcohol) in 70:30 (v:v) 2-propanol: DI water. Top left: fibers electrospun from a
5.5% (g/mL) solution. Top right: fibers electrospun from an 8.5% (g/mL) solution. Bottom left: fibers electrospun from
an 11.5% (g/mL) solution. The following processing parameters were used for all experiments: applied voltage: 20 kV,
flow rate: 3 mL/h, capillary-collector distance: approximately 25 cm. In the bottom right panel the relationship between
the average fiber diameter and the polymer concentration is given. Note that the mean fiber diameter increases monot-
onically with increasing polymer concentration. Additionally, it is evident that ribbon-like fibers are formed at higher
concentrations (11.5%), which indicates incomplete polymer drying. (Error bars represent the standard deviation.). Re-
printed with permission from Sill and von Recum [18].
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The optimal range of solution concentration varies for different polymer/solvent systems. For
example, for an aqueous solution of polyethylene oxide (MW 400,000), fibers can be produced
when the solution concentration is in the range of 4-10 wt% [21]. Within the optimal range,
the fiber diameter usually increases with the increasing concentration, as shown in Figure 5.

2.3. Processing parameters

For a specific polymer/solvent system, there is usually an optimal range of processing param-
eters to obtain electrospun fibers with desirable size and distribution, as summarized in
Table 1.

2.3.1. Applied voltage

The applied voltage is an important parameter in the electrospinning process. A threshold
voltage needs to be reached to initiate the fiber formation process. The relationship between
the applied voltage and fiber diameter is not clear. Some studies reported a reduction in the
fiber diameter with increasing voltage, presumably due to greater stretching of the fluid jet by
the stronger electric field [22]. Other studies showed that higher voltage led to increase in fiber
diameter [23]. In addition, higher voltage has also been found to facilitate the bead formation
[21].

2.3.2. Collector configuration

Earlier electrospinning experiments generally used a stationary collector to obtain randomly
oriented fibers. As aligned electrospun fibers were demonstrated to be more important for
many applications ranging from tissue engineered scaffold construction to photonics and fuel
cells, new collectors have been developed to better control the fiber orientation, as illustrated
in Figure 6. Figure 7 shows randomly oriented fiber mat and aligned fibers by changing the
collector configuration.

a) Flat plate b) Parallel platesistripes c) Rotating drum
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Figure 6. Sketches of electrospinning collectors (a) is used to collect randomly oriented fibers; (b)—(f) are used to collect
aligned fibers. Reprinted with permission from Persano et al. [25].
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Figure 7. Electrospun PCL fibers (20% PCL, 25 kV) collected as (a) a randomly oriented fiber mat using a stationary
collector; (b) aligned fibers using a rotating disc with sharp edge.

More recent collector development has made it possible to create complex bi- and tri-dimen-
sional architectures in a single run. Careful design of the 3D collectors with static collection
allows one-step production of micro- and macro patterned tubes (diameter 500-5 mm) with
different shapes and architectures, and T-shaped interconnections [24]. Such structures are
attractive for the regeneration of many tubular fibrous tissues (Figure 8).
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Figure 8. (a) Schematic illustration of collecting process using a cylindrical collector with equally spaced circular pro-
trusions (es, electrospinning process; pc, patterned collector). (b) A fibrous tube with patterned architectures (scale bar,
5 mm). (c) Magnified image of panel b (scale bar, 200 ym). (d) Schematic illustration of collectors with two different
patterns and relevant fibrous tube (pc, patterned collector; ft, fibrous tube). (e) A fibrous tube with two different pat-
terns (scale bar, 5 mm). (f) and (g) Magnified images of two different patterns of panel e (scale bar 200 um). Reprinted
with permission from Zhang and Chang [23].

2.3.3. Spinneret design

A single needle attached to a syringe pump is the most commonly used spinneret design in
electrospinning. Other designs have been developed to either create a core/shell fiber struc-
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ture (Figure 9d and e) or to increase the throughput and thickness of the fiber production
(Figure 9b and c). The core/shell structure (Figure 10) can be utilized to synthesize a composite
electrospun fibrous scaffold [27, 28]. Therapeutic agents and signaling molecules can also be
incorporated into the core or shell of electrospun fibers with tailored release profile to modulate
the cell behavior.
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Figure 9. Sketches of different spinneret designs used in electrospinning. (a) single needle; (b) Multi needle with linear
configuration; (c) Multi needle with circular configuration; (d) Co-axial needle; and (e) tri-axial needle. Reprinted with
permission from Persano [3].

Figure 10. FESEM images showing the fiber morphology of (a) fibrinogen nanofibers, (b) PGS/fibrinogen core/shell
fibers, (c) PGS/fibrinogen core/shell morphology (higher magnification), and (d) PGS/fibrinogen core/shell (FITC dye in
core). Reprinted with permission from Ravichandran et al. [26].

2.4. Ambient parameters

Ambient parameters such as temperature and humidity have also been found to affect the
fiber morphology. As most solution viscosity changes inversely with temperature, higher
temperature generally leads to thinner fibers, as has been supported by Mit-upathum's study
[29].
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Higher humidity has been found to induce the appearance of circular pores on electrospun
fibers. When the humidity is too low, the fast drying of solvent may cause clogging of the
needle tip.

3. Surface modification of electrospun fibers

3.1. Electrospun fibers as biomimetic tissue engineering scaffolds

Tissue engineering represents a revolutionary approach to the repair and regeneration of
diseased tissues and organs through a combination of biomaterial scaffolds, cells, and
regulators. A biomimetic approach is often used in tissue engineering scaffold design that aims
to mimic certain advantageous features of the extracellular matrix (ECM), such as the materials’
composition, surface chemistry, mechanical properties, structural features, and growth factor
delivery strategies [30]. Electrospinning is an attractive method to produce biomimetic tissue
engineering scaffolds due to the simple and low-cost experimental setup, the wide variety of
materials that can be electrospun, and inherent nanostructure feature with large surface area
and high porosity.
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Figure 11. Surface modification methods for electrospun polymer fibers. (A) Plasma or wet chemical treatment; (B) sur-
face graft polymerization; and (C) co-electrospinning. Reprinted with permission from [5].
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Electrospun fibers from natural polymers (such as collagen, silk, chitin, elastin, and fibrinogen)
usually exhibit similar structural features as the ECM, making it easy to guide or direct cellular
response during the tissue regeneration process. Major limitations of these natural polymers
are the difficulty to create fibers reproducibly due to large variations in the structure and
properties of the source polymers, and their generally insufficient mechanical properties.
Electrospun synthetic polymers usually have higher mechanical strength than natural ones.
Their structure and properties are also more reproducible and tailorable. On the other hand,
many electrospun synthetic polymer fibers are hydrophobic and lack bioactive components
on the surface to modulate cell response.

Surface modification is a cost effective approach to change the surface properties of the material
without significantly altering its bulk properties. A common strategy in tissue engineering
scaffold design is to incorporate bioactive molecules onto the fiber surface to improve bio-
compatibility or induce specific cellular response such as cell adhesion, proliferation, antigen
presentation, and activation of explicit pathways to promote specific cell functions.

In general, any method used for surface modification of bulk polymers can be applied for
electrospun fiber functionalization as long as it does not alter the fibrous structure. As
illustrated in Figure 11 and Table 3, the electrospun polymer fiber surface can be modified
through physical entrapment, plasma treatment, chemical immobilization, or coelectrospin-
ning of bioactive molecules.

Method Electrospun fibers Immobilized agents TE applications
Physical entrapment PCL Gelatin, calcium phosphate, Bone, blood vessel, general
soluble eggshell membrane
protein
P(LLA-CL) Collagen Blood vessel
PLLA Laminin Neural
Silk Fibrin Cartilage
Wet chemical (NaOH PLLA HAp Bone
hydrolysis) PCL - Bone, ligament
Chemical immobilization PET/PMAA Gelatin Blood vessel
PLLA (PGA, PLGA) General
/PAA
PCL RGD Ligament
Co-electrospinning PLLA HAp Bone
PLGA-PEG-NH, RGD General

Abbreviations: PCL, poly(e-caprolactone); P(LLA-CL), poly(L-lactic acid)-co-poly(e-caprolactone); PLLA, poly(L-lactic
acid); PLLC, poly(L-lactide-co-caprolactone) copolymer; PET, polyethylene terephthalate; PGA, poly(glycolic acid);
PLGA, poly(lactic-co-glycolic acid); PMAA, poly(methacrylic acid); PAA, poly(acrylic acid); PVF, poly(4-vinylpyridine);
HAp, hydroxyapatite; PEG, poly(ethylene glycol); RGD, Arg-Gly-Asp.

Table 3. Surface modification techniques for electrospun polymer fibers in tissue engineering applications, adapted
with permission from Yoo et al. [31].
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3.2. Physical entrapment

Soaking the electrospun fibers in a solution that contains a high concentration of the bioactive
components is the simplest surface modification approach. The high porosity of the nano-
structure facilitates the adsorption of bioactive molecules through hydrogen bonding, van der
Waals force, or electrostatic forces. For example, electrospun chitosan nanofibers were surface
modified with the fibronectin, an adhesion molecule, to enhance the attachment of rat cardi-
omyocytes onto the 3-D cardiac tissue scaffold [32].

During the last decade our knowledge about amphiphilic proteins like hydrophobias increased
tremendously and these small proteins were used to modify the surface of biosensors to render
them more hydrophilic proteins [33]. The mechanism of their action as described by several
investigators is that they self-assemble into amphiphilic membranes leading to increase
wettability of hydrophobic surfaces of materials [19, 34]. This specific nature attracted more
investigators to use them to incorporate growth factors and other proteins to improve cellular
attachment to materials with good mechanical properties but with poor biological activity.
Zhao et al. demonstrated that the hydrophilicity of electrospun PCL fibers can be improved
by using a fusion protein consisting of HGFI and vascular endothelial growth factor (VEGF).
In this study, the self-assembled layer of VEGF-HGEFI effectively enhanced the adhesion,
migration, and proliferation of human umbilical vein endothelial cells [35]. Another polymer
that is particularly useful for coating and modification of various surfaces is Polydopamine
(PDA) formed by the oxidation of dopamine. This polymer was used to modify the surface of
PLA nanofibers in order to promote the adhesion and proliferation of human adipose-derived
stem cells (hADSCs), cell attachment was significantly enhanced on PDA/PLA modified
surfaces relative to control [28].

3.3. Plasma treatment

Synthetic polymers are generally hydrophobic. Plasma treatment using oxygen or air can
introduce hydroxyl groups onto the fiber surface and effectively decrease its hydrophobicity.
Several studies have reported increased hydrophilicity and enhanced attachment of fibroblasts
on electrospun PCL or poly(butylene carbonate) fibers [36]. Plasma treatment using oxygen,
ammonia, or air generates carboxyl groups, or amine groups on the surface, thus serving as a
precursor to other surface modification methods. For example, oxygen plasma treatment of
PLLA nanofibers followed by cross-linking with cathionized gelatin allowed better chondro-
cyte attachment to the functionalized PLLA nanofibers [11].

3.4. Wet chemical treatment

Acidic or alkaline solutions can be used to induce partial surface hydrolysis of electrospun
polyester fibers to modify the surface wettability or to create nanotopography.

The random chemical scission of ester links leads to generation of carboxylic and hydroxyl
groups. For example, NaOH-treated PLLA nanofibrous mesh showed greatly enhanced
nucleation and growth of hydroxyapatite minerals on the fiber surface, likely due to the
chelation of calcium ions by carboxylic acids after the NaOH treatment. When electrospun
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PCL nanofibers were treated with 5 M NaOH, the fiber wettability was dramatically enhanced
with almost zero water contact angle due to the capillary action on the highly rough surface.
The nanotopography also led to more favorable cell adhesion.

3.5. Chemical immobilization

Compared to physical entrapment, chemical immobilization provides a stronger covalent
attachment of bioactive molecules on the electrospun fiber surface. The fibers need to be
pretreated to generate reactive functional groups before bioactive molecules can be immobi-
lized, as illustrated in Figure 12.
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Figure 12. Common surface functional groups for immobilization of bioactive molecules on electrospun fibers. Re-
printed with permission from Yoo et al. [31].

A most commonly used chemical immobilization approach involves the use of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) to activate
carboxylicacid groups on the fiber surface, which are then conjugated to primary amine groups
of bioactive molecules. In the case of the PCL, this step can be accomplished by alkaline
hydrolysis using sodium hydroxide surface treatment [37]. A study by Cheng showed that
covalent immobilization via EDC coupling of collagen onto electrospun nanofiber matrices of
PCL-chitosan (CS) blends significantly improved rat bone marrow derived stromal cells
(rBMSCs) adhesion, spreading, proliferation, and osteogenic differentiation as compared to
control groups [38]. Other cross-linking agents are aldehydes like gluteraldehyde are used
where maintenance of structural rigidity of protein is required. This method was used to cross-
link hydroxyethyl cellulose nanofibrous mats to improve their cellular adhesion characteristics
and stability for potential scaffold for skin tissue engineering [39]. Gluteraldehyde was also
used by Krishnan and colleagues for cross-linking Xylan, a natural polysaccharide and
polyvinyl alcohol (PVA) to produce Xylan/PVA nanofibers for skin tissue engineering [40].

3.6. Co-electrospinning

The surface modification methods discussed above all use posttreatment on electrospun fibers.
Co-electrospinning the bioactive agents with polymers provides an alternative approach to
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biofunctionalize the fiber in situ. The bioactive agents can be directly mixed with the polymer
solution before electrospinning. The core/shell structure discussed in Section 2.3.3 can also be
utilized to directly incorporate bioactive molecules on the fiber surface.

4. Application of electrospun fibers in tissue engineering

The ease of producing nanofibers and the variety of biocompatible polymers that can be formed
by electrospinning have uncovered many of their potential applications in emerging fields
such as tissue engineering. One of the many advantages of electrospun nanofiber scaffolds is
that their surface can be modified by controlling the electrospinning parameters to obtain the
topography that best fits the application. Another advantage is that nanofiber sheets or
matrices can be formed into almost any shape (patches, mats, tubes, fibers, multilayered
matrices) based on the site of desired implantation. As shown in Table 4, electrospun fibrous
scaffolds have been used to regenerate a variety of tissues such as the skin, vasculature, neural,
bone, ligament, and tendon.

No. Polymer Solvent Fiber Nozzle Application (cell type/drug)

diameter configuration

General tissue engineering (T.E.)

1 Poly((-caprolactone) (a) Chloroformand  2-10 um Single nozzle  General T.E. (rat marrow

methanol stromal cells)

(b) Chloroform and ~ ~600 nm
DMF

2 (a) Poly(e- (a) Chloroform and ~ 500-900 nm Coaxial General T.E. (none used)
caprolactone) (core) DMF

(b) Zein (shell) (b) DMF
3 (a) Poly(e- (a)2,2,2- ~513 nm Coaxial General T.E. (human dermal
caprolactone) (cone) Trifluoroethanol fibroblasts)

(b) Collagen (shell) (b) 2,2,2-

Trifluoroethanol

4 Poly(p,L-lactic-co- ~ DMF and THF 449-1312nm  Singlenozzle  General T.E. (NIH3T3
glycolic acid) and fibroblasts)
PLGA-b-PEG-NH,

5 Poly(p,L-lactide-co- DMF AND THF 500-800 nm Single nozzle General T.E. (human
glycolide) mesenchymal stem cells and

BALB/c C7 mouse fibroblasts)
6 Poly(ethylene glycol- DMF and acetone 125425 um  Singlenozzle  General T.E. (none used)

co-lactide)
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No. Polymer Solvent Fiber Nozzle Application (cell type/drug)

diameter configuration

7 Poly(ethylene-co 2-Propanol and 0.2-8.0 um Single nozzle  General T.E. (human aortic
-vinyl alcohol) water smooth muscle cells and

human dermal fibroblasts)

8 Collagen HFP 180-250 nm Single nozzle  General T.E. (rabbit conjunctiva

fibroblasts)

9 Collagen HFP 100-730nm  Single nozzle  General T.E. (aortic smooth

muscle cells)

10 (a) Collagen (a) HFP and acetic 3-6 um Single nozzle = General T.E. (human

acid osteosarcoma cells)
(b) Gelatin (b) HFP 2-6 um
11 Gelatin 2,2,2- 0.29-9.10 um  Single nozzle  General T.E. (none used)
Trifluoroethanol

12 Fibrinogen HFP and 10x minimal 0.12-0.61 um  Single nozzle  General T.E. (neonatal rat

essential medium cardiac fibroblasts)

13 Poly(glycolic acid) ~ HFP 130-380 nm Single nozzle = General T.E. (normal human
and chitin epidermal fibroblasts)

14 Collagen and 10 mM HCl (pH 2.0)  100-150 nm Single nozzle  General T.E. (none used)
Poly(ethylene oxide)

15 Poly(DTE carbonate) DCM 1.9-5.8 um Single nozzle = General T.E. (NIH3T3) (mouse

embryo fibroblasts), MCE-7
(human mammary carcinoma),
PC-12 (rat adrenal
pheochromocytoma) and KB
(KB/HeLa; human cervical
carcinomay))

Vascular T.E.

1 Poly(€-caprolactone) Chloroform and DMF 0.2-1 um Single nozzle  Vascular T.E. (human coronary

artery endothelial cells)

2 Poly(p,vr-lactide-co- HFP 720+£350nm  Single nozzle = Vascular T.E. (bovine
glycolide), collagen, endothelial and smooth muscle
and elastin cells)

3 Poly(r-lactide-co-€- Acetone 200-800 nm  Single nozzle  Vascular T.E. (human coronary
caprolactone) artery smooth muscle cells)

4 Poly(r-lactide-co-€- HFP 799-820 nm Single nozzle  Vascular T.E. (human umbilical

caprolactone)

vein endothelial cells

(HUVECs))
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No. Polymer Solvent Fiber Nozzle Application (cell type/drug)
diameter configuration

5 Poly(r-lactide-co- HFP 700-800 nm Single nozzle  Vascular T.E. (none used)
Ecaprolactone)

6 Poly(r-lactide-co-€- HFP 100-300 nm Single nozzle  Vascular T.E. (human coronary
caprolactone) artery endothelial cells

(HCAECs))

7 Poly(propylene Chloroform ~5 um Single nozzle  Vascular T.E. (rat bone marrow
carbonate) mesenchymal stem cells)

Neural T.E.

1 (a) Poly(e- (a) Chloroformand  559+300nm  Singlenozzle  Neural T.E. (DRG explants,
caprolactone) methanol dissociated DRG, Schwann

cells, olfactory ensheathing
cells, and fibroblasts)

2 Poly(r-lacticacid) ~ DMF and DCM 300-3500 nm  Single nozzle = Neural T.E. (mouse neural stem
cells)
Bone T.E.
1 Poly(r-lacticacid) =~ DCM and 1,4-dioxane ~313 nm Single nozzle  Bone T.E. (MG-63 osteoblasts)
and hydroxylapatite
Skin T.E.
1 Chitin HFP 0.163-8.77 um  Single nozzle  Skin T.E. (normal human oral

keratinocytes, normal human
epidermal keratinocytes, and
normal human gingival

fibroblasts)

Table 4. Example electropsun polymer fiber scaffolds used in tissue engineering, adapted with permission from Sill
and von Recum [18].

4.1. Skin tissue regeneration

Flat and flexible nanofiber sheets are preferred to promote skin healing, regeneration, and
substitution with the advantage of providing coverage of the exposed dermis in most situa-
tions. One study describes the potential use of polycaprolactone (PCL) and collagen nanofiber
matrices as a dermal substitute. They performed in vitro testing that showed matrices sup-
ported the attachment and proliferation of human dermal fibroblasts as compared to the
control [41]. Another study by Veleirinho and colleagues evaluated hybrid nanofibrous mats
prepared by electrospinning consisting of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) and chitosan for wound healing using a full thickness wound healing model. They
showed that these scaffolds promoted wound healing in the rat [42]. The positive feedback
from the in vitro and the animal studies stimulated the movement toward human clinical trials
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including the use of nanofibers for drug release to promote healing. A double blind, random-
ized, placebo controlled clinical trial was performed in 2007and completed in 2011, to evaluate
the effectiveness and safety of a novel nitric oxide (NO) releasing wound dressing patch
(PATHON) for the treatment of diabetic foot ulcers. The patch consists of electrospun nanofiber
mesh that encapsulates a NO donor, permitting a constant release of NO for a 12 h period. Up
tonow, there are no available results [43]. Some preliminary results are published by Demircan
and colleagues on the clinical usage of the collagen-elastin matrix in 15 children with facial
burns. They show encouraging early results: the graft quality was close to normal skin in terms
of vascularity, elasticity, pliability, texture, and color [44].

4.2. Cardiovascular tissue engineering

The feasibility of forming various construct from electrospun nanofiber allowed the use of
sheets or tubes for cardiovascular tissue engineering applications. In an experiment to study
the effect of nanofibrous collagen/elastin/polycaprolactone patch loaded with cardiac nature
protein (NP) on cardiac repair after myocardial infarction, it was found that bone-marrow cells
seeded sheets improved the cardiac function in MI mice after 4 weeks of transplantation [45].
Due to the ability to modify the mechanical and chemical properties of nanofiber material, and
in order to improve the patency rate following small-diameter vascular grafting, several
groups are investigating the potential use of tubular nanofibers for small blood vessel substi-
tution. One group was testing heparin-bonded P(LLA-CL) vascular scaffolds seeded with
autologous endothelial cells EC and implanted into canine arterial model to promote graft
patency rate. The scaffold inner layer was fabricated by heparin-bonded P(LLA-CL) nanofibers
through coaxial electrospinning, while the outer layer was woven by pure P(LLA-CL)
nanofibers. In this in vivo canine femoral artery replacement study the authors were able to
demonstrate that the proposed biomaterial significantly promoted the 24 weeks patency rate
(88.9%) in the experiment group as compared to control (12.5%) [46].

4.3. Bone tissue engineering

Tissue engineered bone materials are attractive alternative to synthetic grafts since they are
biocompatible, bioactive, and designed to degrade after the appropriate cells start making their
own matrix. Collagen is extensively involved in the process of adhesion and proliferation of
many cell types and its physicochemical properties can be readily modified by cross-linking
with many reagents since it has amino, carboxyl and hydroxyl groups that can serve as cross-
linking sites. On the other hand stem cells are becoming more involved in tissue regeneration.
Thus, the combination of collagen nanofibers and stem cells make them suitable for the
engineering of various tissues including bone. Cheng et al. reported that PCL electrospun
nanofiber matrices blended with chitosan and functionalize with type I collagen regulated the
differentiation of rat bone marrow derived stromal cells (rBM