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Abstract: Electrospinning technology, which was previously known as a scientific interdisciplinary
research approach, is now ready to move towards a practice-based interdisciplinary approach in a
variety of fields, progressively. Electrospun nanofiber-applied products are made directly from a
nonwoven fabric-based membranes prepared from polymeric liquids involving the application of
sufficiently high voltages during electrospinning. Today, electrospun nanofiber-based materials are
of remarkable interest across multiple fields of applications, such as in electronics, sensors, functional
garments, sound proofing, filters, wound dressing and scaffolds. This article presents such a review
for summarizing the current progress on the manufacturing scalability of electrospun nanofibers and

check for the commercialization of electrospun nanofiber products by dedicated companies globally. Despite
updates the clear potential and limitless possibilities for electrospun nanofiber applications, the uptake of
Citation: Fadil, F; Affandi, N.D.N.; electrospinning by the industry is still limited due to the challenges in the manufacturing and
Misnon, M.L; Bonnia, N.N.; Harun, turning of electrospun nanofibers into physical products. The recent developments in the field of
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electrospinning, such as the prominent nonwoven technology, personal views and the potential
path forward for the growth of commercially applied products based on electrospun nanofibers, are
also highlighted.
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Formhals, with the big idea of processing artificial silk-like fibers. At the beginning of
the 20th century, silk was very popular as an expensive material and high-end textile. It
was thus an interesting search to find a replacement material that was inexpensive, and
Formhals was actually the beginning to finding a way to generate threads from a dissolved
solid in an electrical field. His series of 22 patents, associated with the progress of the
electrospinning process, however, could not compete against the commercial large-scale
fiber-spinning techniques in the past decades; thus, this delayed their further development
for years [11]. Though the technique of electrospinning is quite old, it has undergone
rapid development in recent years after the breakthrough of the exceptional nanostructural
characteristic of nanofibers produced from electrospinning in the late 1960s [12,13]. At
present, electrospinning is widely used to produce one-dimensional (1D) nanostructures
of polymer fibers and is known as the prominent processing technique to generate an
interconnected fibrous web from solutions of different polymers and polymer blends that
relies on a high-voltage environment.
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Figure 1. Graph showing the total relevant published articles on electrospun nanofiber-related re-

search between 2010 and June 2021 by research outputs with the search topic “electrospun nanofibers”
carried out using the Web of Science online search system as of 17 June 2021.

Electrospinning is a versatile technique and is evidenced by the accessibility to tailor
electrospun fiber production into a rich variety of fiber morphologies. These electrospun
nanofibers can be designed into various morphological structures, such as core shell hollow,
porous, deposited in the aligned or a random orientation of nanofiber mesh, using a single
or blended copolymer, with the incorporation of additive materials, subjectively [14]. The
versatility of electrospinning technology has accelerated the progressive development of
a wide range of nanofiber-based products, with tailored compositions, dimensions and
morphologies to carry out various functionalities [15-17]. Figure 2 shows a schematic
representation of an electrospinning setup. A standard laboratory electrospinning machine
prerequisite was equipped with a high-voltage source, precision syringe pump and con-
ductive collector, separated at an appropriate distance. The power supply was attached
to each charged spinneret and, also, the grounded collector. Spinning solutions filled in
the syringe were loaded onto the metal spinneret and subjected to high-voltage charges.
The induced electrical forces to surpass the surface tension of the charged liquid followed
by the transformation of the pendant drop shape of the liquid meniscus into a “Taylor
cone” shape. The whipping and bending instability upon charging the liquid produces
a jet of ultrafine fibers before reaching the collector as electrospun fibers [18-21]. Upon
the electrospinning process, the deposited nanofiber mesh is usually collected as sheets
of 10-30-mm-thickness, on top of a conductive substrate. The sheet of nanofibers mesh
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usually needs to be removed from the conductive substrate and be practicable to be applied
in their next applications.
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Figure 2. Schematic representation of a vertical electrospinning setup.

The growing interest in electrospinning technology has paved the way to their ad-
vanced development by offering the controllable inclusion of the nanoparticles into these
nanosized fibers through the blending of the nanoparticles-polymer solution prior to the
spinning process. The simplicity, high efficiency, low cost and high reproducibility of
nanofibers have categorized electrospinning as the potent fabrication technique of fibrous
structured materials in nanometer sized [22,23]. In line with prior published studies, the
exploration for practical applications of nanofibers primarily focused on filtration, func-
tional textile, biomedical and electronic devices [11,24-26]. Researchers have published
a number of review articles on electrospinning parameters, characterization, and elec-
trospun nanofiber applications [14,18,22,25,27-36]. However, these past research has not
extensively addressed the commercialization aspect of the fibers and their commercial
nanofiber-based product. Hence, this article aims to present an overview for summarizing
the current progress on the manufacturing scalability of electrospun nanofibers and the
commercialization of electrospun nanofibers products by the dedicated companies globally.
The scope of this review will cover the recent progress on the nanofiber fabrics manufactur-
ing by electrospinning, the challenge faced in quality control and manufacturing scalability,
the latest finding on nanofiber-based products and an outlook on what the future may hold
for electrospun nanofibers as prospect resources are well highlighted in this review article.

2. Electrospinning Fundamentals

Electrospinning has been acknowledged as an ancient nanotechnology rediscovered
for modern demands, being intensely practiced in both laboratories and industries around
the whole world. In order to be able to manufacture nanofiber-based fabrics from electro-
spun nanofibers in mass production, the need for proper control over the electrospinning
processing is very crucial. Electrospinning involves a very simple and cost-effective method,
yet is an intricate process that crucially depends on several main processing and techni-
cal parameters [37-41]. The quality of electrospun fibers is enormously governed by the
following multiple influential variables:
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1.  Solution variables: concentration, degree of polymerization, viscosity and surface
tension of the polymer.

2. Needle variables: mono-axial, co-axial, tri-axial and needle-free.

Collector variables: stationary collector, drum rotary collector and rotational speed.

4.  Electrospinning variables: voltage, feed rate, distance, temperature and humidity.

@

An optimized concentration of polymer solution is needed in order to control the for-
mation of electrospun fibers, to be free from defectiveness such as beaded fibers or sprayed
droplets. It is mentioned that as below the optimized spinning solution concentration
was prepared, the polymer chain entanglements are insufficient to stabilize the Coulom-
bic repulsion within the ejected jet, leading to the formation of sprayed droplets [42,43].
While the spinning solution feed rate which is usually applied during the electrospinning
process is in the range of 0.5-2.0 mL/h. The feed rate and the voltage are actually worked
simultaneously in order to produce a stable Taylor cone shape, to avoid droplet formation.
For the fabrication of polysulfone electrospun fibers, Yuan et al. (2004) preferred a lower
feed rate for spinning, since a greater volume of solution drawn will only take a longer
time for solvent to dry. Otherwise, the remaining residual solvents may cause the fibers to
fuse as they hit onto the collector, consequently leading to the imperfection of the fibrous
structure [16].

Another important concern in regard to ecological impact is related to the use of
organic solvents in electrospinning. The importance of this factor not only denoted the
safety during the spinning handling but also the quality of produced nanofibers due to
the entrapped of residual solvent. A precise monitoring to minimize residual solvents
is vital for clinical medicine studies as compared to other applications. The use of safe,
environmentally benign solvents in the electrospinning should be developed, to decrease
the large consumption of volatile organic solvents.

Besides, the formation of uniform diameter sizes of electrospun nanofibers is driven
by the surface tension properties of polymer solution. Zhang (2011) clarified that by using
a smaller internal diameter of a needle, the size of the charged droplet at the tip is reduced,
consequently increases the surface tension of the charged droplet. As the surface tension
is increased, extra energy is required to overcome the force. As a result, the decrease in
the acceleration of the jet will give more time for the droplet to be stretched into a smaller
size of fibrous form before deposited on the collector [44]. On the other hand, Taylor did
mention the minimum applied voltage for the initiation of the electrospinning process to
occur is at 6 kV. Further study by Elsabee et al. (2012) revealed that by lowering the surface
tension of spinning solution helps the electrospinning process to be initiated even at lower
electric fields [45]. It is also reported that the addition of nanomaterials such as carbon
nanotubes (CNTs) has been facilitating in reducing the surface tension of the spinning
solution, also aid to electrical conductivity, thus allowing the use of low high voltage
applied for the spinning process [46-49]. Another work reported by Nayak et al. (2012)
has demonstrated the use of conductive additives such as sodium oleate (SO) and sodium
chloride (NaCl) to aid in stabilizing the electrical conductivity during the spinning process.
Their finding reported the increment in the electrical conductivity was greater with the
introduction of NaCl, due to the smaller ionic size as compared to SO. The hydrophobicity
of as-spun fibers was marginally decreased with the addition of SO and NaCl [50].

From Laboratory to Industrial Scale

While electrospinning technology offers an exciting insight in the fabrication of dis-
tinctive nanofiber-based materials, a significant hurdle has remained. Current innovative
applications and the spinnable fluid limitation are still restricted significantly owing to the
inconsistency and instability of electrospinning to assure reliability in processing nanofibers.
These existing hurdles boost a robust urge in improving manufacturing efficiency, in order
to deal with the related limitation issues involving macro-scale production, process stability
and reproducibility in the manufacturing steps of electrospinning as described [12,37]. The
major challenges faced in the large-scale manufacturing of electrospun fibers are due to
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their low output (0.01g-2 g/h) owing to the use of single needle nozzles. [51-56]. Accord-
ing to Persano et al. (2013), the upgrading and mass-scale competency demonstrated that
needle-free electrospinning systems show off excessive promising possibilities to accelerate
the nanofibers production. The combination of centrifugal force with electrospinning is
enabling the production of assembly oriented continuous nanofibers below 100 nm has
been validated [12]. The benefits of using needle-free electrospinning were also agreed
upon by other researchers. Researchers are now established with the development of
needle-free electrospinning systems to mass-produce quality electrospun nanofibers to
switch to an industrial scale. Research conducted by Niu et al. (2012) highlighted the
improvement in the rate of nanofibers production. Through their research, they have
successfully constructed a coil-based, needle-free electrospinning system, which has higher
fiber productivity, with a width up to 2 m with polyacrylonitrile (PAN) fibers production
rate of 23 g/h [57]. The configuration of needle-free electrospinning systems with various
collector designs used in scale-up electrospinning reactors, quality of nanofibers at various
roller speeds and Taylor’s cone shape of spinning fluid at roller surface is illustrated in Fig-
ure 3a—c, respectively. Besides, the intersection understanding of both theoretical modeling
and real-time processes to optimize the processing variables will be useful for processing
clarifications toward increasing production rate [12].

(a) Collector
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Figure 3. (a) Illustration of a needle-free electrospinning system. (b) Effect of the roller speed on the
quality of a nanofiber web. (c¢) Schematic diagram of a Taylor’s cone on a roller surface. Figure is
adapted and modified from [58].

Based on previous studies, it is largely demonstrated that environmental conditions
are an essential stimulus to the outcome of charged dispersed fibers jets. It is reported that
a substantial variation in the fiber properties is directly affected by the minor changes in the
environment. To resolve the matter, a great improvement of electrospinning systems has
been proposed to incorporate the proprietary climate-controlled electrospinning systems
with promising temperature and humidity regulators. For instance, IME Technologies
provides a laboratory-scale system consisting of an electrospinning compartment and a
control cabinet inclusive of the ventilation system, water filtration and regulator with
specific temperature and relative humidity accuracy [12,59].

Past studies also have highlighted that electrospun nanofibers are also seldom handled
without additional support since their physical structure appears to be soft and thin similar
to facial tissue. This delicate feature is an inherent limitation for the electrospun nanofibers
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which are meant to hold or absorb significant volumes of solids or liquids. As a result,
electrospun nanofibers are usually strengthened by turning into a composite, with the
embedment of other material as a support, in order to enhance their structure [60,61].
Researchers are also looking into another technique to improve the limitation of sheet-like
assembly of electrospun nanofibers through innovative methods for preparing a stable
3D electrospun nanofibers structure [62]. There are few methods for the fabrication of
3D electrospun nanofibers scaffolds such as multi-layering electrospinning [63], liquid
and template-assisted electrospinning [64], porogen-incorporated electrospinning [65] and
post-treated electrospinning [66]. Post-treated electrospinning via gas foaming offers a
versatile way of expanding the 2D membrane of electrospun nanofibers to form a 3D
scaffold without excessive application of force. Jiang et al. (2015) reported the usage
of NaBHj as the foaming agent in expanding 2D electrospun polycaprolactone (PCL)
nanofibers. A higher concentration of foaming agent was found to significantly increase
the thickness of the scaffold. This post-treated method was able to produce 3D scaffolds
and reduce the risk of breaking the interconnected fibers structure [67].

Electrospun nanofibers have also been demonstrated to be a good alternative rein-
forcement candidate for composites due to their good mechanical and flexibility, tunable
chemical and physical properties. Electrospun nanofibers have also been recognized
as potential revolutionary additives for composites as they possess tremendous physic-
chemical and flexibility. In spite of holding voluminous idyllic features for the function
as good nanofillers, the previous work in using electrospun nanofibers as potential rein-
forcements are scarcely reported. The probable cause of the limitation lies in their typical
type of nanofibrous architecture with which they can be fabricated. Through advanced
progress in electrospinning technology by fabricating three-dimensional structures and
nanofibrous yarns, the application of the electrospun nanofiber-based fabric can be more
considered [68,69].

With the optimization of the production rate of electrospun nanofibers, along with
methods and equipment to characterize and control the process output, should accelerate
the applications of nanofibers into new applied products. The low basis weight, small
fiber diameter and pore size, high surface area and choice of fibers chemistry are impor-
tant tools in the development of such products. Upon the optimized quality control of
the electrospinning process, the production of nanofiber-based fabrics from electrospun
nanofiber-based material can be widely commercialized. On the alternative side, good
compatibility towards substances and tunable release properties have brought to much
greater numerous functionalities of the ensuing nanofibers with the aid of using needle-free
electrospinning technologies.

3. Functional Additives in Electrospun Nanofibers

The incorporation of nanoparticles to impart additional functionalities to the compos-
ited nanofibers fabrics via electrospinning process has been extensively studied. Additional
materials such as nano-metal oxides, ionic liquids and conductive polymers might be inte-
grated into these nanofibrous structures, with the purpose of providing technical function
such as the electrical conductivity properties, stains resistant capabilities and antibacterial
characteristics to an engineered fabric. Among the abundance of nanoparticles which
has the potential to be imparted into nanofibers fabrics, silver (Ag) and titanium dioxide
(TiO;) were mentioned as the most used nanomaterials followed by silicon dioxide (SiO,),
CNTs and zinc oxide (ZnO) [70-75], whereas various types of polymers are under study
for multiple potential applications. For example, polymers, which are widely used and in
textiles applications are polyester, polyamide, PAN and polyethylene oxide (PEO) [76,77].
The combination of both polymer and nanomaterials filler in the composited nanofibers
textiles are expected to be light, resilient, mechanically flexible, inexpensive and easy
to process [78]. Whereby in the context of food science application, it will be critical to
only utilize food grade polymers and harmless, nontoxic solvents in the preparation of
nanofibers [79].
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However, the use of synthetic polymers has always been an issue in any application.
Hence, several studies have introduced natural polymers such as collagen, gelatin, elastin,
fibrinogen, chitosan in electrospun based products [77,80,81]. The inclusion of honey as an
additive in silk fibroin fibrous matrices to prevent infection and accelerating wound healing
are reported by Yang et al. (2017). It has been demonstrated that Manuka honey (MH) has
bioactive compounds which possess distinctive properties of anti-inflammatory and anti-
bacterial function which is crucial for tissue growth and increase pain tolerance [82]. The
preparation of nanofibers from polymeric and nonpolymeric matrices was investigated by
Moreta et al. (2020). The use of green additives 3-cyclodextrin (3-CD) to form a host-guest
inclusion complex with cinnamon oil in PVA/3-CD has been conducted. Their finding
showed the formation of electrospun nanofibers with CD-CI crystal with 5 and 10 wt%
cinnamaldehyde content [83]. Another recent work by Topuz et al. (2021) highlighted
the fabrication of nanofibrous hyper-crosslinked cyclodextrin membranes which can ef-
fectively trap pollutants from wastewater. The membrane was produced by exclusively
incorporating green resources of highly concentrated CD solutions containing naturally
occurring graphitic acid linkers [84].

3.1. Nanoparticles Inclusion

The inclusion of nanoparticles into electrospun nanofibers can be proceeded through
the blending with the spinning solution prior to the electrospinning process. However,
the prerequisite for every possible application for proper dispersion of nanoparticles, will
control their interaction with the polymer matrix environment. These interactions will
ultimately affect the colloidal stability of the nanoparticles within the polymer matrix [85].
Technically, the dispersion of nanoparticles is mostly being conducted using a physical
approach. High intensity ultrasound has been widely used to disperse nanoparticles in a
liquid solvent [86-88]. A study conducted by Rouxel et al. (2011) reported that appropriate
sonication amplitudes influenced the aggregate size of nanoparticles cluster [89]. On the
other hand, the use of surfactant to assist the homogenous dispersion of nanoparticles also
has been studied. The use of surfactant is favorable in the nano-emulsion such as for the
cosmetics formulations. Types of nanoparticles that can be incorporated in the cosmetic
face mask such as nano-sized gold and nano-sized silver particles, TiO, and ZnO as well as
buckyballs for the long lasting anti-bacterial protection, broad UV range protection and
scavenger of free radicals function, respectively [70-74].

3.2. Nanoparticles Surface Coating

The sol-gel process is used to create gel-like solutions containing nanoparticles suspen-
sion which can be applied onto the surface of textiles as a liquid finish to create nanofibers
fabrics with functional properties. The process begins with dissolving nanoparticles in a
solvent such as alcohol. Once dissolved, several chemical reactions take place that cause
the nanoparticles to establish a network throughout the liquid to form a stable suspension.
The network transforms the solution into a colloid prior to a drying process to remove
excess solvent from the mixture before it can be used to coat onto the fabrics [90]. When
nanoparticle coatings are applied to fabrics, the deposited nanoparticles will form bonds
with the fibers of the fabric materials. Fabrics treated with nanoparticle coatings during
manufacturing may produce materials that kill bacteria, eliminate moisture and odor,
and prevent static electricity. Besides, the usage of ionic liquid as a finishing layer on
electrospun nanofibers surface has also been studied by Datta et al. (2015). Their research
finding reported that electrically conductive electrospun polymer which has been gener-
ated with the trapping room temperature ionic liquids (RTILs) making them as possible
nano-textiles for energy storage applications with the thermoelectric (TE) activity from
Seebeck coefficient value of up to 17.92 uV/K [91].

The previous studies listed above indicate the current development related to the
nanofiber-based fabrics production from electrospun polymer nanofibers via electrospin-
ning technique. The optimum working factors in assisting spinning are crucial, such that
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to induce the spinning process by promoting polymer entanglement and the adjustment of
solution viscosity and surface tension of the spinning solution, and promote rapid evapora-
tion upon ejection of the polymer jet from the syringe. The addition of nanomaterials that
promote entanglement can help overcome the stipulated hurdles in the spinning process.
Once a suitable nanoparticle-polymer blend system has been identified, processors should
select suitable blend ratios, overall polymer concentrations in the solvent, and optimize the
overall processing conditions.

4. Electrospun Nanofiber-Applied Products

Insight on the new interesting applications of electrospun nanofiber-based materials
in several product applications of filtration, defense and protection garment, medical
dressing, home furnishing, food packaging and cosmetics are discussed. An overview of
the nanofiber-based products for research and commercialization is highlighted in the next
following sub-sections.

4.1. Filter Media

To date, environmental issues relating to air and water pollution have gained great
attention due to the increasing concerns on human health. In addition, clean water and
sanitation have become one of the world agendas which have been highlighted in the
17 Sustainable Development Goals (SDGs) by the United Nations. One of the alternative
ways in treating contaminants from air or water is by filtration. Filtration can be described
as separating dispersed particles from a dispersing fluid by porous media. The dispersing
medium can be a gas/gas mixture, air or a liquid [92]. In filtration, porous media such as
membrane is used to separate dispersed particles from any medium [93-95]. Membranes
are relatively thin, semipermeable and flexible sheets, which are made by several methods
including electrospinning to produce assorted nonwoven membrane structures [14-17].
An accumulation of randomly oriented nanofibers from electrospinning produces a typical
porous membrane in a nonwoven orientation form. The electrospun membrane exhibits a
high surface area-to-volume ratio, high porosity and interconnected porous structures that
are suitable for microfiltration or ultrafiltration [96]. Given these outstanding properties,
the electrospun nanofibrous membranes are of great interest by researchers to use the
membranes as air filters.

Ultra-web © technology is a commercial air filter made of electrospun nanofibrous
membrane. The filter was introduced by Donaldson, a company based in Minneapolis,
USA. The deposition of electrospun web on a substrate helps the Ultra-web ® filter media
(Figure 4) to trap submicron dust particles on the filter surfaces [97].

Heikkila et al. (2008) verified the filtration efficiency of electrospun polyamide 66
membrane using submicron particles of approximately 0.16 pm. The observation high-
lighted that the spunbonded polyamide 66 on the nonwoven substrates has significantly
enhanced the filtration efficiency [98]. The ability of electrospun membranes to filter fine
particles was further enhanced by surface modification of the electrospun membrane. For
instance, Huang et al. (2019) used solvent vapor annealing (SVA) treatment to create
nano wrinkled fiber surfaces on the poly (e-caprolactone)/polyethylene oxide (PCL/PEO)
blend membrane for effective filtration of particulate matter (PM) 2.5 with high removal
efficiency under highlight polluted conditions. In addition, the SVA-treated PCL/PEO air
filter mat demonstrated a facile and sustainable preparation process with an outstanding
degradation performance than the commercial masks [99]. A study done by Liu et al.
(2015) has found that the micro-structured of air filter made of electrospun polyacryloni-
trile (PAN) nanofibers able to collect more than 95% of PM2.5 in an urban area with 90%
transparency [100].
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CLEAN NANOFBER LAYER FILTER

Figure 4. Ultra-web ® filter media by the Donaldson company. Figure is adapted and modified
from [97].

Another method that can improve the filtration properties of electrospun membrane
is by adjusting the electrospun fiber diameter. As reported by Molaeipour et al. (2015),
smaller diameter fibers exhibited greater than 10% filtration efficiency than larger diameter
fibers. However, the results contradict to the observation reported by Bien and co-workers.
The authors found that the filtration efficiency was not affected by the electrospun fiber
diameter, but was affected by the membrane thickness. [101]. The results met in agreement
with Molaeipour et al. (2015), where the authors reported the double layer of electrospun
cellulose acetate membrane showed higher filtration efficiency than the single layer of the
membrane [102]. Similar findings were found by Matulevicious et al. (2016), where the
multi-ply nanofiber mat gave higher filtration efficiency for 100 nm and 300 nm particles
than the single-ply nanofiber mat [103]. An optimal thickness of electrospun membrane for
air filtration was about 0.02-0.07 g/ m? [104].

Apart from air filtration, the use of electrospun nanofiber membranes as a filter media
for water filtration has been reported by a number of studies. The removal of contaminants
in textile effluent using electrospun Nylon 6 membrane was investigated by Affandi and
Razak (2017). The authors observed that the electrospun Nylon 6 membrane exhibited
higher removal of suspended solids with approximately 99% as compared to the commer-
cial Nylon membrane. The electrospun Nylon 6 membrane showed a clear permeate after
the filtration (Figure 5a), whereas the commercial Nylon membrane gave a cloudy permeate
after the filtration (Figure 5b) [105]. Another work published by Qureshi et al. (2017) re-
ported on the performance of electrospun zein nanofiber as green and recyclable adsorbent
for the removal of reactive black 5 (RB5) dye. The work described that the electrospun zein
nanofibers exhibited exceptionally efficient performance in removing RB5 after contact
within 20 min at room temperature and a normal working pH. The mechanism of dye-zein
interaction was chiefly controlled via hydrophobic, electrostatic forces and hydrogen bond
interactions [106]. Similar work by Bhaaumik et al. (2016) was also reported on the removal
of RB5 using potential polyaniline nanofibers adsorbent. The adsorption results demon-
strated that RB5 removal efficiency was slightly pH dependent and maximum removal
was obtained at pH 2.0. The desorption experiments revealed that the PANI NFs can be
reused effectively for five consecutive adsorption-desorption cycles without any loss of its
original capacity [107].
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(b)

Figure 5. SEM images of the typical membranes after filtration and photographs of permeate using
(a) an electrospun Nylon 6 membrane and (b) commercial Nylon membrane, respectively. Figure is
adapted and modified from [105].

Recent work studied on the adsorption performance of the nanofibrous sorbent on the
removal of several oils (i.e., crude oil, silicone oil, gasoline, and diesel) and nonpolar organic
solvents (i.e., toluene and m-xylene) was explored. The developed sorbent showed high
sorption capacities, along with a rapid removal performance where the sorbent reached
the equilibrium sorption capacity within a few minutes for oils and organic solvents. The
feasibility of the designed hierarchically porous mat for oil spill removal was demonstrated
by the treatment of real seawater and crude oil. The robustness and reusability of the
sorbent were demonstrated through its regeneration by both mechanical recovery and
toluene treatment [108]. It was recommended by Barroso-Solares et al. (2018) that the
fabrication of electrospun fibrous mats with both hydrophobic and oleophilic properties
might have contributed to the good performance as absorbents of oil from stable water in oil
emulsions [109]. Jiang et al. (2015) investigated the use of iron oxide (Fe304) nanoparticles
(NPs) in the fabrication of magnetic nanofibrous composite mat composed of polystyrene
(PS)/polyvinylidene fluoride (PVDF) nanofibers. The mechanical property for both PS and
PVDF nanofibrous sorbent was greatly improved and exhibited oleophilic and hydrophobic
properties. The incorporation of magnetic Fe304 NPs in the composite mat helps in the
easy recovery of the mats after the oil-in-water sorption process [110].

Gopal etal. (2006) investigated the solid-liquid separation using electrospun polyvinyli-
dene fluoride (PVDF) nanofiber membranes. The fiber diameter of electrospun PVDF was
approximately 380 nm, and the pore diameter was in a range of 4-10.6 um. The authors
found that the electrospun PVDF membranes were able to remove 5-10 pm particles
without damaging the membrane’s structure or surface. Thus, these membranes have
the potential to be used as a prefilter for ultrafiltration in order to minimize fouling for-
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mation [111]. In other study, Gopal et al. (2007) measured the solid-liquid separation of
electrospun polysulfone (PS) membranes using the separation factor (S.F) (Equation (1)):

C
SF=[1— 2Pt ) « 100%. 1)
Cfeed

where and are the concentrations of permeate solution and feed solutions, respectively [112].

The feasibility of electrospun membranes to remove heavy metal ions from aqueous so-
lutions has been observed by several studies [113,114]. Mahapatra et al. [113] reported that
the electrospun Fe,O3-Al,O3 nanocomposite fibers have successfully removed heavy metal
ions from aqueous solutions. Other studies also reported that the electrospun polyvinyl
chloride (PVC) nanofiber membranes not only able to remove 91% of cadmium ions, but
also copper and lead ions with the removal efficiencies of 73% and 82%, respectively [114].

The water filtration properties of electrospun membrane were further enhanced by
Nosang Myung and his team upon receiving a specific research grant from federal funding.
The authors developed a nanofiber filter to improve the removal of nitrogen and phos-
phorus from contaminated water. The rapid growth of algae blooms as a result of the
surplus of nitrogen and phosphorus in natural water has disturbed the aquatic ecosystem
consequently causing the death of aquatic life. Meanwhile, the use of nutrient-polluted
drinking water increased the severe health risks to humans, such as methemoglobinemia,
and bladder cancer. However, the current approaches for nitrogen and phosphorus removal
are not practicable for residents in rural communities. Reverse osmosis and conventional
ion exchange are energy intensive with high capital, operational and maintenance costs.
A water treatment method utilizing electrospun nanofibers uniquely suited for remov-
ing these nutrient pollutants and improving water quality control. The incorporation
of additives has effectively removed the contaminants from groundwater in small, rural
areas [115].

Recently, several improvements on the filtration performances of electrospun nanofiber
membranes have been made such as membrane porosity, hydrophobicity, electrical con-
ductivity and mechanical properties of the electrospun nanofiber membrane [116].

4.2. Defense and Protection Garment

The application of nanofibers in defense and protective garments is practically use-
ful in order to increase the protection and survivability of people working in extreme
conditions and hazardous situations. The requirements for such situations are to pro-
tect from injuries while also monitoring environmental hazards such as toxic gases. The
improvement of fabric materials in performance and additional capabilities would be of
huge assistance within professions such as the defense forces and emergency response
services [117].

Recently, nanofibers with super strong, flexible fabrics that have ballistic properties
with the embedment of carbon nanotubes have by now been fabricated. This new nanofiber
is potential to be woven into fabrics, thus turning body armor suit to be as light as a cotton
shirt, but bulletproof since carbon nanotubes are light and flexible, but enormously strong.
This new nanofiber reinforced with carbon nanotubes has been reported to have properties
of four times tougher than spider silk, and 17 times tougher than Kevlar, now used to make
bulletproof vests commercially [118]. The research in this field polyvinylidene was then has
been continued by Baniasadi et al. (2015) by spun nanofibers from polyvinylidene fluoride
(PVDF) and its copolymer, polyvinvylidene fluoride trifluoroethylene (PVDF-TrFE). The
fabricated nanofibers then were twisted into yarns, and then continued to twist the material
into coils, similar to the same basic process used in making the conventional cable. The
mechanical properties of the yarn and coils for the determination of their stretching ability
and possible energy to be absorbed before the structural failure showed that the nanofibrous
yarns achieved remarkable energy to failure of up to 98 J/g. Whereby, through an over
twisting process, the fabricated polymeric coils out of twisted yarns stretched up to ~740%
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strain, indicated that the twisting process not only increases the failure strain but also
increases overall strength and toughness. [119].

The following works done by other researchers have made an attempt in producing
several nanofibers with the incorporation of functional materials into the electrospun
nanofibers. One of the major focuses is to design material that can protect against toxic
agents, both biological and chemical, by adding protective compounds to the polymer.
Findings by Dhineshbabu et al. (2014) revealed that the incorporation of magnesium
oxide (MgO) nanoparticles on Nylon 6 by an electrospinning process provide good flame
resistance and antibacterial activity against Gram-negative E. coli and Gram-positive S.
aureus pathogens. The antimicrobial effects of Nylon 6 fabrics for S. aureus are better than
those for E. coli. The enhanced flame resistance, an increase in antibacterial activity, and
an appropriate physical property led to a choice for protective clothing for soldiers [120].
Amongst the difficult things in the process of constructing fabrics from electrospinning
is the making of self-made garments without any functional substrates. The progress
research shows that a company known as Electroloom started the use of electrospinning
for 3D printing custom for designing and fabricating wearable clothing [121]. This molding
technique implicates the shaping mold of the desired clothing and electrospinning is used
to construct thick layered electrospun nanofibers in a customized mold, as illustrated in
Figure 6a. The constructed nanofibrous clothing is consequently removed from the mold
and ready for wear (Figure 6b). As this technique remains a prototyping phase, certain
complexity such as durability of the clothing, speed of fabrication and clothing design
limitations should be addressed appropriately. Another limitation of this technique is it
can only produce white fabric.

ﬁx

Shirt shaped mould

(a)

(b)

SCE-UB 206, 8ky X1, 50k 267 Waad

Figure 6. (a) Illustration of the molding technique for direct electrospinning. (b) The fabric from the
Electroloom. (¢) SEM micrographs of spunbonded polyamide (PA) 6 electrospun-viscose nonwoven
membranes. Figures are adapted and modified from [122,123].

Fabrics produced from electrospun nanofibers membranes are usually in white, due
to the translucency properties of polymers and light scattering phenomenon. Therefore,
it is preferable for fashion colors wearable including for the nanofiber-based fabric to
enrich their visual varieties. A research study reported by Yan et al. (2016) showed their
good finding of using colored spinning solutions prior to electrospinning. The fabricated
nanofibers membrane made of colored poly (vinyl butyral) (PVB)/ cationic dye exhibited
good color fastness. The decrease in the diameter of dyed fibers as the increase of dye
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concentration was also noticed, possibly affected by the increase of conductivity of the
dye-polymer solution [124]. On top of that, the big concern for the engineered fabric made
up of electrospun fibers is to retain their durability and functionalities as they are exposed
to repeated washing and usage. The previous study reported the visible changes in the
structural integrity of nanofibers through the formation of holes within a size of tens to
hundreds of micrometers after 1500 cycles of repeated compression and torsion. Further
additional use of resin dots has improved their structural integrity as nanofibers membrane.
The simple hot press lamination of the nanofibers membrane onto the substrate revealed
the least damage (Figure 6¢) [123]. It is suggested that to keep the stress concentration at
the bonded point of underlying fibers as low as possible. A single military laundering cycle
with applied detergent on nanofibers and a triple layer of nanofiber/spunbond-laminated-
nanofiber/spunbond demonstrated a reduction in aerosol retention efficiency to 66% and
86% of initial efficiency respectively [125]. Although studies on electrospun nanofibers are
well established, the commercialization aspect of nanofibers in clothing is still in its infancy.
Therefore, a scalable manufacturing process and commercialization of the nanofiber-based
clothing should be highlighted in the future.

4.3. Medical Dressing

The use of electrospun nanofibers in the application of medical dressing has been
of huge interest since their structure morphology resembles the native tissue structure.
The natural polymer of chitin and chitosan are amazing materials that have multiple
advantages to be used in medical dressing applications [126]. These polymer materials are
both biocompatible and biodegradable and are found in abundance in nature as a renewable
source. The embedment of these materials into nanofibers has acquired extra advantage
due to the huge surface area which imparts on them additional properties especially in the
biomedical fields. However, this task is not a simple one as chitin and chitosan are hard to
electrospun due to the high molecular weights and the stiff back bone making the polymer
solution very viscous for the electric field to stretch. Researchers found that the use of
concentrated acetic acid as a solvent (90%) was able to reduce surface tension, besides the
combination of solvents such as 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), trifluoroacetic
acid (TFA) and dichloromethane (DCM) to be used in the electrospinning of chitosan-based
nanofibers. Crosslinked nanofibers using glutaraldehyde vapors upon electrospinning
helps to maintain their fibrous structure when immersed into aqueous media. The second
strategy for producing smooth and nice nanofibers was by using blends of chitin or chitosan
with other polymers such as PVA or PEO [127,128].

Another method to enhance the properties of the chiton nanofibers is plasma treat-
ment. Annur et al. (2015) preloaded silver nitrate in the chitosan nanofibers via argon
plasma treatment. This solid-state synthetic approach produced surface-immobilized silver
nanoparticles in the absence of additional chemical reagents and also facilitated maximum
exposure on the nanofiber surfaces. TEM examination confirmed that plasma-synthesized
silver nanoparticles with an average diameter of 1.5 nm were mostly positioned on the
nanofiber surfaces. Antibacterial performance assays based on bacterial inhibition zone
measurements indicated a strong correspondence with the plasma dosages and the result-
ing surface-immobilized silver nanoparticles [129].

One of past research has conducted the fabrication of conductive scaffold from com-
posite nanofibers of PANI/gelatin to promote the proliferation of the myoblast cells
Li et al. (2006). Gelatin is often used in cardiac tissue engineering as it shares an almost
similar molecular structure to collagen [130,131]. The 3% content of gelatin has signifi-
cantly changed the physicochemical characteristics of the nanofibers composite. Further
increment of PANI to gelatin volume ratio resulted in a decrease in fiber diameter of com-
posite nanofibers. Different orientations of myoblast cell attachment were subjected to the
concentration of PANL. It is found that the growth of cultured cells is more even on the
smaller diameter of composite nanofibers as compared to the larger diameter nanofibers
substrates. The research work by Li et al. (2006) [130] was further complemented by
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Mobarakeh (2011). It is mentioned that the surface modification and functionalization of
PANI with biomolecules or dopants have allowed them to modify them with biological
sensing elements, and exhibit different signaling pathways required for cellular processes.
The use of conductive electrospun nanofibers provides a window of opportunity for the fab-
rication of highly selective, biocompatible, specific and stable nanocomposite scaffolds for
organ-specific regeneration as it signifies the enhancement in cell proliferation and differ-
entiation [132]. On the other hand, the antibacterial activity of honey/chitosan nanofibers
incorporated with capsaicin and gold nanoparticles wound healing has been studied by
Al-Musawi et al. (2020). The MTT assay demonstrated that the nanofibrous increased
new cell proliferation compared with the untreated control, thus indirectly enhancing the
wound-closure rate [133]. Another interesting portable electrospinning device operated by
a battery has been developed by Liu et al. (2020). The function of this practical device is to
produce copper monosulfide (CuS) composite nanofibers, which can be directly deposited
onto the wound area, to simultaneously achieve rapid hemostasis and bacteria activity is
ablated. It is reported that the healing time has been shortened to 18 days as compared
to 26 days for the control sample [134]. Several similar studies have been conducted to
increase the device functions such as reducing size for better practicality for outdoor use
and also to develop new formulations utilizing different materials for other wound care
treatment [135-138].

Recently, electrospun based products seem to be shifting from research to commercial-
ization. Stellenbosch Nanofiber Company (SNC) Ltd. operated in Cape Town, South Africa
has become as one of the platforms towards the commercialize nanofibers materials for the
biomedical industry specialized for wound dressings, tissue engineering scaffolds, drug
release materials and cell culture scaffolds. With support from InnovUS, the Stellenbosch
University’s technology transfer company, a spin-out company was established to focus
on the commercialization of the patented nanofiber production and processing technolo-
gies. The Stellenbosch Nanofiber Company managed to secure funding from private and
institutional investors, and was officially launched in November 2011 [139]. In accordance
with the recent study on the cell response to sterilized electrospun poly(E-caprolactone)
scaffolds to aid tendon regeneration in vivo using PCL nanofibers manufactured from SNC
Ltd., the sterilized electrospun PCL scaffold was found to function similarly to the gold
standard autograft control in terms of cell response over a 6-week time period. Neither
ethanol nor gamma sterilization had an observable effect on the functionality of the scaf-
fold when compared to the autograft control. The manufacture of the electrospun PCL
fibers did not have an effect on the performance of the scaffold, which would allow the
manufacturing process to be easily outsourced and scaled up for commercial translation.
Further long-term in vivo studies are required for electrospun PCL scaffold to become an
alternative intervention for patients requiring tendon repair [140].

4.4. Home Furnishing

Another application for nanofibers which also in current development is home fin-
ishing products. These nanofibers materials are of particular interest in the area of home
furnishing products, such as mattresses, bedding, and covered furniture. The potential ben-
efits to consumers from the use of nanotechnology in textiles include fabrics with desirable
enhancements, such as stain and water resistance, antistatic properties, moisture wicking,
wrinkle resistance, and antibacterial properties. Textile end products, including clothing
and home furnishings, are in intimate contact with consumers during every moment of
their daily lives. The electrospun nanofiber-based products are expected to be patented
and entered the market using nanotechnology by synergistic effects of nanodispersible
fillers [141].

The previous research conducted by Knoff et al. (2008), has patented their innovative
an allergen-barrier nanofibers fabric for mattress production purposes. A mattress which is
having a microporous covering material comprising of a nanofibers layer comprising at
least one porous layer of polymeric nanofibers having a number average diameter between
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about 50 nm to about 1000 nm, with the pore size of 0.01 to 10 um, a basis weight of 1 g/m?
and about 30 g/ m?, and a Frazier air permeability of at least about 1.5 m3/min/m? has
been produced. Besides, they are also highlighted that the polymeric nanofibers can be
adhered to one or more other fabrics to form an allergen-barrier fabric, for use in coverings
such as pillow covers, mattress or pillow ticking, mattress pads, duvet covers and even
linings for apparel [142].

Another interesting application of electrospun nanofibers is by incorporating these
materials as a lightweight, yet dense, sound absorption alternative. Pollen Group Limited
Company has integrated noise reduction products incorporating nanofibers, known as
Phonix™ nanofibers, which are scientifically proven to help resolve the issues of noise
in open plan spaces. The nanofibers convert sound energy to heat energy which is then
dissipated. This nanofibers material has dulled the sound of speech to a more manageable
and less distracting level [143].

On the other hand, a nanofibers pillow lining known as NanoDream™ were fabricated
from medically approved, nonhazardous polymers, infused with the goodness of manuka
extract to ward off bacteria and allergens is the marketable product of Revolution Fibres
Limited, a New Zealand based company. The NanoDream electrospun nanofiber layer is
so dense it creates a natural barrier to dust mites through size exclusion, as compared to
the standard pillowcase and microfiber fabric [144]. Findings from this review indicate the
electrospun nanofibers have been employed widely in home furnishing.

4.5. Food Packaging

The application of electrospun nanofibers in functional food packaging has become
an evolving fascinating area to exploit and develop research for strength and barrier en-
hancements compared to conventional packaging materials [79,145]. According to the FDA,
food packaging substances derived from electrospun nanofibers materials must possess
biocompatibility and nontoxic properties. The developed research is meant for improving
antimicrobial activity, rapid sensing and detection on the signaling microbiological and
biochemical changes, in order to extend food shelf lives for long-term freshness.

The innovative food packaging composed of biodegradable polyurethane (PU) with
antimicrobial properties targeted for meat and meat-products has been reported by the
first time by Amna et al. (2014). Instead of mixing antimicrobial compounds directly with
food, the incorporation of virgin olive oil and zinc oxide via electrospinning in packaging
materials inhibits microbial activity at food surfaces where it is localized. The antibacterial
activity was tested against two common foodborne pathogens such as Staphylococcus
aureus and Salmonella typhimurium. The results revealed the functional additives of zinc
oxide and olive oil, which are possessed with various antibacterial ingredients, flavonoids
and antioxidants have improved the antimicrobial characteristic of PU nanofibers. Even in
low concentration, ZnO embedded nanofiber-based film is potent enough to control the
microbial growth due to the bacterial inhibitory properties of packaging material. Thus,
the fabricated composite based packaging is able to inhibit food alteration and prevent
spoilage of meat/meat-products (Figure 7a) [146].

Another profound study by Zhu et al. (2018) with the aim of producing a nanofiber-
based film to enhance the photocatalytic activity of ethylene degradation and decelera-
tion the ripening of banana has been demonstrated [147]. Their study reported that the
polypropylene (PP) packaging made of nanofibers with 5wt% TiO, exhibited the best
nanoparticle uniformity and optimal ethylene photo-degradation activity as compared
to the control sample (Figure 7b,c). This study is in line with other previous studies that
described an increase in ethylene decomposition with increasing TiO, concentration due to
larger amounts of hydroxyl radicals generated by the TiO, particles [148-150]. The removal
of ethylene from the environment surrounding has resulted in prolonging bananas’ shelf
lives, thus reducing the postharvest losses.
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Figure 7. (a) Packaging material made of electrospun hybrid mats targeting for meat and meat-based
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products. (b) Photographs of bananas stored for 10 days covered with PP film (control) and nanofibers
containing 5 wt% TiO,. (c) Ethylene photodegradation activity of a TiO, /PP nanofiber-based film.
Figures are adapted and modified from [146,147].

Apart from nanoparticles, a number of works on the use of antibacterial substances
have been studied. Vega-Lugo et al. (2009) fabricated electrospun fibers from soy protein
isolate (SPI) in poly (ethylene oxide) (PEO) and poly (lactic acid) (PLA) for the controlled
release of a naturally occurring antimicrobial compound, allyl isothiocyanate (AITC). AITC
is mostly found in mustard oil, and is effective against cheese-related fungi. Through this
work, it is found that the concentration of AITC has significantly affected the fiber morphol-
ogy, whereas it is reported that the AITC release was negligible under dry conditions but
increased drastically as the relative humidity increased. It can be concluded that the AITC
release is directly triggered by any change in the relative humidity. Aside from SPI and
AITC, the application of cinnamon essential oil (CEO) embedded electrospun nanofibers
also has been tested. According to Wen et al. (2016), the PVA nanofibrous packaging film
containing CEO exhibited excellent antimicrobial activity against both Staphylococcus aureus
and Escherichia coli. It is reported that the control (unpacked strawberry) had started bruises
and decayed on the 4" day. The strawberries packed with PVA/CEO/ 3-CD nanofibrous
film showed no sign of decay even on the 6" day. The use of PVA/CEO/B-CD nanofi-
brous film has practically prolonged the shelf-life of packed strawberries by preventing
water losses and delaying the degradation of the cell wall, thus, holding the firmness of
the packed fruits during storage [151-153]. The interactive behavior of the nanofibers
with natural antimicrobials in active packaging applications may be an innovative idea to
increase the preservation of cheese related foods [154].
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4.6. Cosmetics

Electrospinning has the potential for use in various cosmetic applications for example
facial masks, perfumes, deodorants and antiperspirants. A common feature of these appli-
cations is that they can be used in the form of a membrane which can be easily fabricated
by electrospinning. The conceivable of incorporating active ingredients into electrospun
nanofibers also makes this spinning process feasible for cosmetic applications. Yet, the
application in the cosmetics product from nanofibers textiles material is relatively new. A
reported study conducted by Fathi-Azarbayjani et al. (2010) indicated that electrospun fiber
materials are influential to replace the conventional materials used in the current cosmetic
facial masks. Their work demonstrated an anti-wrinkle nanofiber face mask incorporating
collagen, novel vitamin and gold nanoparticles, with a control polymer degradation to
discharge the active ingredients once contact with premoistened skin. The study reported
that the high surface area to-volume ratio of the nanofiber mask will ensure maximum
contact with the skin surface and help to enhance the skin permeation to restore its healthy
appearance. The dry nature of face masks increases both the structural stability and their
shelf lives when compared to premoistened cotton masks available in the market [155].

Another research study that utilized emulsion electrospinning to fabricate membranes
containing volatile fragrance through poly(vinyl alcohol) (PVA) fibrous matrix to release
encapsulated (R)-(+)-limonene for 15 days under ambient temperatures has been demon-
strated [156]. The release profile of the fragrance from the electrospun nanofibers shows
that this type of nanofibrous matrices with a high fragrance loading capacity is of great
potential for applications in various fields, such as cosmetic with fragrance releasing, food
packaging or textile items with fragrance release.

5. Global Nanofibers Industry

To shift the electrospun nanofibers from their prototyping to finished products is
quite challenging. In contempt of the full potent ideas, electrospinning technology is
facing several challenges in establishing its own position in the market and also substitut-
ing the current commercialized technologies. Researchers have been intent on evolving
these materials, fabricating nanofibers from electrospinning over the past decade and
transforming them into downstream and upstream products. The commercial usage of
the electrospun nanofiber-based products is across various fields such as filtration and
biomedical applications. Table 1 listed out several of the global nanofibers companies
that already have commercialized their nanofiber-based products. These worldwide com-
panies are among key players in the revolutionary creation of innovative electrospun
nanofiber-based products.

Table 1. Commercial electrospun nanofiber-applied products.

Product Company Application Description Company Website
. Cell culture d evice for 3D cell culture insert made of PS, httpz //www.
3D Insert™ 3D Biotek laboratory tissue 3dbiotekstore.com/
PCL and PDLLGA
culture (accessed on 17 June 2021)
Bioabsorbable polymers made for
. . . . https:
Nonwoven fibrous of a wide variety of medical .
Absorv™ Zeus . - / /www.zeusinc.com
materials products for both preventive care
. (accessed on 17 June 2021)
and disease treatment
Composed of a number of solid
. . . https:
Nonwoven fibrous nodes interconnected by a matrix of .
Aeos™ Zeus . SR . . / /www.zeusinc.com
materials thin fibrils, which allows to excel in
. .. (accessed on 17 June 2021)
such diverse applications as sutures
Filtering materials, Zfllc(i)glelrclf sgjvfs“::rllop 0}111‘1}: g https:
Antidust half-mask  Esfil Techno half-masks, analytical POy / /www.esfiltehno.ee/en/

tapes

filtering materials made of micro
and nano fibres

(accessed on 17 June 2021)
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Table 1. Cont.

Product Company Application Description Company Website
Is a multi-layered self-sealing
AVflo™ Vascular Nicast Ltd Implantable medical ~ vascular access graft made of http:/ /www.nicast.com/
Access Graft ’ devices electrospun polycarbonate (accessed on 17 June 2021)
urethane nanofibers
Novel Electrospun fibers mimic natural
. . . . https:
. BioSurfaces three-dimensional extracellular matrix produced from .
Bio-Spun™ . . . / /www.biosurfaces.us/
Inc. (3D) nanofiber variety of polymer materials and
. (accessed on 17 June 2021)
scaffolds thicknesses
Possesses a microporous nature
Nonwoven fibrous that is similar to expanded PTFE https:
Bioweb™ Zeus materials (ePTFE) but achieves this without  //www.zeusinc.com
the nodes and fibrils associated (accessed on 17 June 2021)
with ePTFE
Provides an effective protection
. against microbes, particles, aerosols  https:
BreaSAFE® PARDAM Nangflber based and odors and to a limited extent, / /www.nano4fibers.com/
NANO4FIBERS respirator . .
also against toxic gases and (accessed on 17 June 2021)
vapours
. Cell culture device for Supt?rlor z.adhe51.0 n .a.nd http:/ /www.
® Espin . proliferation of in vitro cell . .
Cytoweb™ Sheets . laboratory tissue . espintechnologies.com/
Technologies cultures, as compared to traditional
culture . (accessed on 17 June 2021)
lab plastic ware
‘ A pljoduct deSIgned to .caPture http:/ /www.
® Espin g . particulates while providing - .
Exceed . Air filters media . . espintechnologies.com/
Technologies openings for un-hindered pathway
. (accessed on 17 June 2021)
for air flow
Innovative electrospinning .
technology targeted to expand a https:
FERENA Koken Ltd. Nanofiber air filter . / /www.koken-ltd.co.jp/
clean zone through nanofibrous
. (accessed on 17 June 2021)
filter membrane
The Fibertrap microfiber is
patent-protected and manufactured
with safe, green, recycled polymer
. . Bedding microfiber materials through electrospinning,  https://fibertrap.com/
FiberTrap FiberTrap trapping material with a fluffy three-dimensional (accessed on 17 June 2021)
structure that immediately
entangles the bed bugs upon
contact
. Resplrétory pe.rsonal Nan9f1bers filter half masks .for http:/ /en.sorbent.su/
Filter half-masks Sorbent protective equipment  respiratory personal protective (accessed on 17 June 2021)
(RPE) equipment (RPE)
Self-cleaning cartridge filter which  https:/ /www.astralpool.
Filter NanoFiber Astral Pool Cartridge water filter  is able to filter particles of between com/en/ (accessed on 17
5 and 8 microns June 2021)
A product made of electrospun
nanofiber which can be infused
with active additives designed to htps:
FilterLayr NanoLayr Air filtration media . //www.nanolayr.com/
trap and neutralize even the
. . (accessed on 17 June 2021)
smallest airborne particles for
filters and masks
Wound dressing with advanced .
Wound Dressings technology with personalized https:
HealSmart™ PolyRemedy / /www.polyremedy.com/

therapeutics to improve wound
healing outcomes

(accessed on 17 June 2021)
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Product Company Application Description Company Website
Nanofiber based products that
provide an enormous amount of
Microfiber Nanopareil Microfiber separation specific surface area along with a htps: .
separation media LLC media controlled porosity and offers //www.nanopareil.com/
P modular, off-the- shelf installation ~ (accessed on 17 June 2021)
into existing manufacturing
processes
A filtration media that consists of a https:/ /www.mann-
Micrograde NF MANN+ Nanofiber-coated air  cellulose carrier material coated hur}zu.nel Com/'en html
filter HUMMEL filters with extremely thin layers of ] :

ultra-fine polymer fibers

(accessed on 17 June 2021)

Mimetix® scaffold

Nanofibrous

Electrospinning biomaterials for use

Develops and manufactures variety
of electrospun polymer scaffolds

https:/ /www.
electrospinning.co.uk/

Company in tissue-regenerative  made from PLA, PLGA, PCL, PLCL (accessed on 17 June 2021)
devices and PAN
. L1qu1d1ty. Nanofiber filter Nanofiber filter membranes fitted https://liquico.com/
Naked filter Corporation encapsulated drinking water
membranes . . (accessed on 17 June 2021)
purification cartridges
Nanofiber pillow Anti-allergy bedding made of https:
Nanodream NanoLayr .. P 8Y & . //www.nanolayr.com/
lining nonwoven electrospun nanofibers (accessed on 17 June 2021)
Provide an ideal 3D substrate uses
Novel of aligned (NanoAligned™) or https: / /
Nanofiber Nanofiber three-dimensional randomly oriented (NanoECM™ ) nqrﬁtﬁbersolu tions.com /
Solutions™ Solutions (3D) nanofiber polymer nanofibers integrated into (a(ccesse don17 ]ur;e 2021)
scaffolds standard multi-well cell culture
dishes
Nanofibrous Develops and produces disruptive http: / /www
Nanofibrous NanoSpun biomaterials for use first-of-its-kind live-active na rI: (')g un tech com/
biomaterials Technologies in tissue-regenerative  biological tissues for cosmetics, (acceése don 1'7 June 2021)
devices well-being and health applications
Water filter system which is
- Nanofibers Filter effectlyely reduces b1o-fou.1mg https:
Nanotrap Coway Svstem materials such as cell debris, //www.coway.com.my /
Y bacteria, viruses, with a patented (accessed on 17 June 2021)
electrospun coating
Medprin Absorbable Dural repair patch http:
NeoDura™ Biotech Dural Patch made of degradable material //www.medprin.com/
GmbH poly-L-lactic acid and gelatin (accessed on 17 June 2021)
Scaffolds possess a nonwoven
three-dimensional architecture,
comprising nano/micro-scale
synthetic bioresorbable polymer http:
. . Bioresorbable fibres, which is highly porous b .
Neotherix scaffold Neotherix / /www.neotherix.com/
scaffolds scaffold structure supports the

migration and proliferation of
fibroblast cells from surrounding
healthy skin tissue in order to
facilitate healing of the wound

(accessed on 17 June 2021)



https://www.nanopareil.com/
https://www.nanopareil.com/
https://www.mann-hummel.com/en.html
https://www.mann-hummel.com/en.html
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https://www.electrospinning.co.uk/
https://liquico.com/
https://www.nanolayr.com/
https://www.nanolayr.com/
https://nanofibersolutions.com/
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Table 1. Cont.

Product Company Application Description Company Website
Multi-functioning clothing with
nanofiber membrane laminations
which offer water and wind http: / /limenano.com/
Nexture® Lime Technical textiles protection with a truly breathable (acsésse donl7 ]1.1ne 2021)
difference, that can be worn during
commutes, light workouts and
various outdoor activities
PARDAM fancion materials i he formof NP5
NnF CERAM® NANOA4FIBERS Inorganic nanofibers o oor e CHASHERE OO /vy winano4fibers.com /
thin fibers, 3D cotton like ceramic, (accessed on 17 June 2021)
metal and powder like materials
A product suitable as separation
pasoav menbrins oy et g
NnF MBRANE® NANO4FIBERS Filtration materials P . o . / /www.nano4fibers.com/
water and air purification with very (accessed on 17 June 2021)
low pressure drop and very high
filtration efficiency
Nonwoven Provide nanostructured materials
Soft Materials  nanofibers fibrous and nanofibers made by http:
Nonwoven and tissues, either in the thermoplastic polymers, /) ‘IA)/' .ww smtnano.com/
nanofibers Technologies  form of nonwoven biodegradable polymers, optically (accessea on 17 ]ﬁne 2021)
Srl mats or as uniaxial active organic compounds and
aligned fibers organic/inorganic hybrids
PK Papyrus® Electrospun PU covered stent for http:
covered coronary BIOTRONIK  Covered stent use in the emergency treatment of ~ //www.biotronik.com/
stent system acute coronary perforations (accessed on 17 June 2021)
® United Air A Cell},l lose nan 0f1ber-ba§ed http://www.
ProTura Speciali . . filtration media for cartridge . o
. pecialists, Cartridge filter . . clarcorindustrialair.com
Nanofiber elements for use in cartridge style
Inc. (accessed on 17 June 2021)
dust collectors
Medprin . Fully degradable and ab.sor‘t.)able, http:
ReDura™ . Synthetic Dural leaving no foreign body in-situ and .
Biotech Substitute is replaced by regenerated Dura //www.medprin.com/
GmbH > Tep Yy 1es (accessed on 17 June 2021)
tissue
In-situ forming polymeric foam http:/ /www.
™ & poly P
ResQFoam s/lresc(ieirzll Therapeutic foams made up of core-shell fibers for arsenalmedical.com/
intracavity hemorrhage treatment  (accessed on 17 June 2021)
Medprin . A synthetic fibrous membrane http:
Retissue™ Biotech E/}zﬁ;(;;iible made of polylactic acid (PLA)and  //www.medprin.com/
GmbH gelatin (accessed on 17 June 2021)
Acoustic soundproofing material
10 Acoustic which has a destination touchdown  http://www.
Return focus pod Commercial soundproofin point of soft walls which absorb igcommercial.co.nz/
' p & noise in offices and offers a privacy  (accessed on 17 June 2021)
for individual focused work
Nanofibrous filtration membrane is
FILTREX and . . . suitable for filtration of cooking oils o
RIFTELEN® N15 PARDAM folggatlf;dﬁlcidla for as well as liqueurs, spirits, wine, ?atzlz ;g!;(f,tﬁlle ; ']C:)rrlz /2021)
NANOA4FIBERS p beer, lemonades, fruit juices and

others
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Table 1. Cont.

Product Company Application Description Company Website
NASK HK . Facg mas1.< V\.Ilth ue napoﬁ.b °r http:/ /nask.hk/ (accessed
Smart mask Nanofiber face mask  of air purifying and bacteria killing
on 17 June 2021)
mask
Stellenbosch . Develop and manufacture . .
SNC BEST™ Nanofiber Nonwpven fibrous nanofiber-based materials for https://sncfibers.com/
materials . - (accessed on 17 June 2021)
Company medical applications
A lightweight sound absorption
. media, which is specifically https:
Acoustic - .
SonoLayr NanoLayr soundproofin designed to enhance the acoustic / /www.nanolayr.com/
p & performance of any sound-control  (accessed on 17 June 2021)
product
Utilizes proprietary Electrospun
Commercialized Healing Fiber (EHF™) technology
SpinCare™ Nanomedic electrospinning to treat even the most severe and https:/ /nanomedic.com/
P Technologies ~ wound treatment complicated wounds with a single  (accessed on 17 June 2021)
portable device application, eliminating the need
for painful re-dressings
SpurTex® o . Materials with high alr-fllte.}r https:/ /www.spur.cz/cs/
SPUR Air filter materials performance when separating
. . (accessed on 17 June 2021)
ultrafine particles
Medprin For treatment in hemostasis in http:
StypCel™ Biotech Absorbable Hemostat  capillary and venous, as well as / /www.medprin.com/
GmbH small artery, bleeding (accessed on 17 June 2021)
Nanofiber filter medias that allow
. surface filtration to improve the s
Technoweb™ Lime Ellil;c;ﬁber-based efficiency and extend the lifetime of 2:;5 égs/;:;;inf ; ?;13621)
an HVAC and automotive engine
and liquid and dust collectors
Scaffold for 3D cell
Tubular and disc SKE Research  cultures and tissue Tubular and disc scaffolds made of  https:/ /www.ske.it/
scaffold Equipment engineering silk fibroin and PCL (accessed on 17 June 2021)
applications
Caridge e oo Bt ofrs s s donadon
Ultra-Web® Donaldson Cartridge air filters & ’ P com/en-sg/ (accessed on

drop and a reduction in energy
usage

17 June 2021)

Wetlaid Nonwoven
Fabrics

Hirose Paper

Nanofiber-coated

Manufactures wetlaid nonwoven

https:/ /www.hirose-
paper-mfg.co.jp/

Mfg Co., Ltd.  paper electrospun nanofibers fabrics (accessed on 17 June 2021)
A product consists of interleaving )
Fiber-reinforced nanofiber veil, for use in fiber https:
XantuLayr® NanoLayr ’ / /www.nanolayr.com/

composite

reinforced thermoset polymer
composite materials

(accessed on 17 June 2021)

5.1. Nanofibers in Global Business

The first technology enabling the production of nanofibers appeared on the global
market in the 1980s. Donaldson, one of the leading companies in nanofiber-based ap-
plications brought out the nanofibers first time for advanced commercial applications
namely as air filtration technology-Ultra-Web® in 1981. The nanofibers presence did show
a promise in reducing operating costs and improved efficiency as reported by Balamurugan
et al. (2011) [157]. Until today, nanofibers technology has benefited numerous industries
including filtration, military garment, cosmetics and others. The full potential of nanofibers
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technology has been tried to be realized in commercial consumer products. Recent devel-
opments in nanofibers production technology have opened up the possibilities of applying
nanofibers along with various process improvements. In 2005, the company Elmarco
launched the Nanospider™, the recent technology in the world that enables nanofiber pro-
duction for performance apparel on an industrial scale [157]. Since then, major nanofibers
innovations and inventions from research laboratories are in the lead for commercialization
to play a crucial part in the industrial economy. These nanofibers companies are engaged
in new product developments, innovation, agreements, collaborations, mergers and acqui-
sitions and strategic business activities to strengthen their market and increase distribution
networks globally. This industry is expected to be highly competitive over the forecast
period on account of the incorporation of new processes and product developments.

5.2. Market Trends of Electrospun Nanofibers

The rising popularity of an advanced product made of electrospun nanofiber-based
materials is the primary factors that drive the growth of this market. Currently, the
global nanofibers market is valued at USD 927 million in 2018 and is estimated to hit USD
4.3 billion by 2023 with an expected compound annual growth rate (CAGR) of 36.2% during
the forecast period. The global market report done by PR Newswire is further analyzed by
the following projected end-use application segments such as in packaging, automotive,
electronics and semiconductors, aerospace, coatings and energy in segmented leading
countries such as USA, Canada, China, Japan, Europe, North America and Asia regions. A
research report by Global Industry Analysts Inc. entitled “Nanofibers: A Global Strategic
Business Report” also has provided comprehensive reviews of the nanofibers market
trends. As stated by the report, Asia—Pacific is the largest and the fastest growing market
worldwide over the analysis period was conducted as a result of the strong public and
private investments in nanotechnology. This is attributed to the high demand for nanofibers
in performance apparel applications whereby their unique properties of high surface area,
small fiber diameter, filtration properties, layer thinness, high permeability, and low basis
weight, contribute to an outstanding product functionality [125]. Given by all this report, it
has been presenting a current analysis on the nanofibers business as associated from an
economic and industrial point of view and the expected key development in the future. The
evaluation of the current status from a global standpoint, and information of the existing
companies and suppliers related to these businesses are needed as this technology expands.
Besides, the technical insights into nanofiber manufacturing by providing a review of
materials, their specific applications and production methods are valuable to justify the
importance of nanofibers market demand. In addition, it is also necessary to recognize
current technical trends by providing a summary of the leading global R&D activities
related to nanofibers, such as the issuance of patents related to nanofibers products, and
the latest technological advancement. This information is beneficial to assist researchers
in identifying opportunities for process and productivity enhancements, to strengthen
the future of the long-run market growth, and subsequently provide considerable growth
opportunities for nanofibers manufacturers globally [158].

6. Conclusions

The review presented here collectively highlighted the development of the scaling-up
method in electrospinning technologies, current progress on the manufacturing scalability
of electrospun nanofibers materials and the commercialization of electrospun nanofiber-
based products. We started with a brief opening related to the history of electrospinning,
followed by a detailed literature review of its genesis principle and typical apparatus. The
discussion narrowed into their revolution as a potent technology for the production of
nanoscale dimension materials with diversified compositions, and their properties and
applications were revealed. The potential for the commercialization applications of electro-
spun nanofiber-based materials opened up a new avenue towards economically extending
and enlightening the values of electrospinning products. Through electrospinning nan-
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otechnology, ultra-strong, durable and specific function-oriented nanofiber-based fabrics
have been now tested for a number of consumer product applications, such as filtration,
defense and protection garments, medical dressings, home furnishings, food packaging
and, also, in cosmetics. As mentioned, nanotechnology has overcome the limitations of
applying conventional methods to impart certain properties to electrospun nanofiber-based
materials. Electrospinning techniques have facilitated the fabrication of nonwoven fibers in
nano-sized scale dimensions, which now has become possible for highly effective modern
performance products. Thus, there is no doubt that, in the next incoming years, nanotech-
nology through electrospinning will penetrate every area of the functional textiles industry
for more innovative product applications.

Yet, there are other concerns about the electrospinning technology that need to be
addressed by the manufacturer, as well as the researchers. The issues are the hazardous
vapors emitting from electrospinning solutions while forming nanofiber webs that need to
be recovered or disposed of in an environmentally friendly manner. This will definitely
involve additional equipment and cost. Another issue is the raised concern over possible
health hazards to humans due to the inhalation of fibers, which needs to be taken into
another, future study. From the authors” point of view, the functionality of electrospun
nanofibers has been greatly improved and proven to have abilities in various fields of ap-
plication. However, the shelf-life issue of electrospun nanofibers fabrics prior to laundering
and restoration is certainly limited, and insufficient work has been reported. The fabric
should have both appropriate mechanical properties and the durability to withstand the
physical and chemical stresses of laundering. The importance of the lifespan of electrospun
nanofibers products should be thoroughly evaluated before actual industrial production be-
gins. Finally, this review article offered the readers with interesting perspectives regarding
applied products of electrospun nanofibers. We strongly believe that all the difficulties and
constraints faced in the manufacturing, research and development, as well as processing, of
electrospun nanofibers will be clearly resolved throughout advanced research exploration
in the coming future.
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Abbreviations
1D One-dimensional
2D Two-dimensional
3D Three-dimensional
Ag Silver
CNTs Carbon nanotubes
NaBH, Sodium borohydride
PAN Polyacrylonitrile
PCL Polycaprolactone
TiO, Titanium dioxide

Si0, Silicon dioxide
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ZnO Zinc oxide
PEO Polyethylene oxide
uv Ultraviolet
TE Thermoelectric
RTILs Room temperature ionic liquids
SVA Solvent vapour annealing
PM Particulate matter
Fe;03-Al,O3  Iron oxide-aluminum oxide
pPVC Polyvinyl chloride
PVDF Polyvinylidene fluoride
SF Separation factor
PVDF-TrFE Polyvinylidene fluoride-trifluoroethylene
MgO Magnesium oxide
PA6 Polyamide 6
HFIP Hexafluoroisopropanol
TFA Trifluoroacetic acid
DCM Dichloromethane
PANI Polyaniline
PU Polyurethane
SPI Soy protein isolates
PLA Polylactic acid
AITC Allyl isothiocyanate
PP Polypropylene
TEM Transmission electron microscopy
CuS Copper monosulfide
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