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A B S T R A C T   

Face masks have proven to be a useful protection from airborne viruses and bacteria, especially in the recent years pandemic outbreak when they effectively lowered 
the risk of infection from Coronavirus disease (COVID-19) or Omicron variants, being recognized as one of the main protective measures adopted by the World Health 
Organization (WHO). The need for improving the filtering efficiency performance to prevent penetration of fine particulate matter (PM), which can be potential 
bacteria or virus carriers, has led the research into developing new methods and techniques for face mask fabrication. In this perspective, Electrospinning has shown 
to be the most efficient technique to get either synthetic or natural polymers-based fibers with size down to the nanoscale providing remarkable performance in terms 
of both particle filtration and breathability. The aim of this Review is to give further insight into the implementation of electrospun nanofibers for the realization of 
the next generation of face masks, with functionalized membranes via addiction of active material to the polymer solutions that can give optimal features about 
antibacterial, antiviral, self-sterilization, and electrical energy storage capabilities. Furthermore, the recent advances regarding the use of renewable materials and 
green solvent strategies to improve the sustainability of electrospun membranes and to fabricate eco-friendly filters are here discussed, especially in view of the large- 
scale nanofiber production where traditional membrane manufacturing may result in a high environmental and health risk.   

1. Introduction 

In recent years, the common commercial microfibers have been 
replaced with nanofibers in manufacturing personal protective equip
ment (PPE), such as face mask/respirators, which are specifically 
designed to protect the wearer from inhaling harmful airborne particles, 
including infectious agents, such as coronavirus, SARS, and bacteria 
spores. The 2019 coronavirus (SARS-CoV-2) pandemic has forced a 
widespread use of face coverings as a mandatory step for reducing 
spreading and infection by the virus, in fact the face masks turned out to 
be an essential barrier for preventing the transmission of infected 
aerosols among its user and the surrounding people [1–3]. Especially at 
the start of the pandemic outbreak face masks played a fundamental 
role, since information about the transmission mechanism of the virus 
was not yet clear and only isolation/ quarantine appeared to be the most 
significant strategy for infection control [4]. 

The size of the Corona virus has been observed to range from 60 to 
140 nm [5]. The transmission of the virus can occur for close-distance 
contacts in the form of aerosols or droplets [6], because of its ability 
to coalesce with solid or liquid pollution particles present in the atmo
sphere, which makes it extremely infectious [7,8]. Therefore, the aerosol 

carrier of the virus (diameter < 5 − 10 μm) can be transmitted from an 
infected person to a healthy one by means of respiratory droplets either 
for breath, coughs, or sneezes [9,10]. The short-range airborne route 
results to be the primary way to spread either pathogens or respiratory 
infection [11,12] such that wearing face masks is the most effective 
solution to prevent the transmission of this disease [13]. 

Despite the vaccination campaign against COVID continues to 
progress [14], the importance of wearing a face mask or a respirator in 
outdoor/indoor places is recommended as an effective measure for the 
infection control [15–17]. This led the research community to find more 
appropriate technologies and advanced materials to design novel 
high-efficiency mask, with extreme attention to particle filtration, 
cleaning treatments, adequate breathability, fluid penetration resis
tance, light weight, and user comfort, along with large-scale production 
and low costs. In this scenario, electrospun fibers showed their 
uniqueness and potential as active membranes, due to their reduced 
pore size as well as their extremely high surface-to-volume ratio [18]. 
The high performance in filtration is owed to the reduced pore size, 
which goes from sub-micron to several micrometers, involving a more 
effective capture mechanism for the small airborne particles below 300 
nm, as well as to the high ratio of surface area/volume, which 
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significantly increases the possibility of pollutant deposition on the 
surface of the fiber, thus reducing the air pressure drop and increasing 
the air breathability of the mask [19]. Although the melt blown (MB) is a 
low-cost process commonly used to produce nonwoven filter media 
[20–23], the electrospinning (ES) technique has proved to produce 
nanofibers with better filtration performance in removing submicron 
particles/contaminants. Compared to the MB microfibers, whose fibers 
size are generally difficult to control and the diameters range from 1 to 
10 μm, the electrospun fibers diameter can be ten or a hundred times 
smaller, thus providing a higher surface area as well as a lower 
inter-fiber pore size [24–26]. Several Reviews reported about the po
tentiality in using electrospun membranes for new generation face 
mask/respirators production [27–30]. An increasing number of papers 
was found by using the keyword “Electrospinning filter face mask “in the 
Scopus database (Fig. 1). 

Besides the high filtering efficiency benefits, the functionalization of 
electrospun nanofibers through the addition of several compounds, such 
as metallic and not metallic nanomaterials, vesicles, and cellulose 
nanocrystals, allows designing advanced nanofibers with outstanding 
properties, including antibacterial, antiviral, and self-sterilization. Such 
customizability makes the electrospun nanofibers the ideal material for 
tackling the current issues from bacterial contamination on PPE surfaces 
to the reusability of both disposable single use facemask and respirator’s 
filters. Also, modified ES set-ups combined with modern textile tech
niques turned out to be an innovative way to manufacture nanofiber bio- 
textiles with suitable mechanical and bioactive properties which effec
tively support cell tissue regeneration in clinical use [30,31]. Electro
spun nanofibers composed by natural and biodegradable polymers can 
be easily degraded in environment or absorbed by the body, thus pre
venting the negative long-term degradation effects due to high consume 
of plastic, ensuring a safer approach to the realization of scaffold and 
drug delivery system for biomedical application [32–35]. Although a 
great number of research in the electrospinning field has been carried 
out at laboratory scale, alternative techniques have been developed so 
far to expand the production of electrospun nanofibers on large indus
trial scale [36]. To date, many companies and start-ups operating in 
small and large textile manufacturing have been utilizing ES technology 
to fabricate face masks and protective controls with better performances 
on personal protection from particulate matter (PM) and airborne haz
ard. The leading ES research is focusing on the optimization of more 
sustainable filters to minimize the impact of disposable face masks on 

the environment, but the large volume of hazardous solvent still used in 
traditional membrane manufacturing involves a serious environmental 
issue. With this regard, particular attention has been given to more 
environmental-friendly ES processes to drastically reduce or completely 
give up toxic organic solvents, which are strictly used to solubilize 
polymer in conventional spinning solution. 

This Review aims to give a general overview about the recent de
velopments in ES techniques and its further application to produce 
electrospun nanofiber-based face mask. Firstly, a brief introduction 
about the fundamental principles behind the filtering mechanism, 
classification, and the standards for testing the face mask is provided. 
Then, is presented a description on conventional and alternative ES 
technologies, evaluating the possible developments for industrial scale- 
up. After that, are reviewed in detail the innovative scalable strategies 
present in literature for the processing of electrospun based face masks, 
highlighting the effects induced by the surface morphology, fibers ge
ometry, and materials properties on the particle filtration, breathability, 
antibacterial, and antiviral performance. A brief introduction about the 
recent progress in the manufacturing of bio-textiles by using electrospun 
nanofiber yarns is also given in this Review. Finally, we discuss about 
the industrial implementation of ES for nanofiber manufacturing, giving 
to the reader further insight into the well-defined nanofiber market. 

2. Face mask’s structure and filtration mechanism 

2.1. Surgical mask and respirator standards 

Face masks have the important role to protect the wearer from the 
biological contaminants that can be present in the form of droplet or 
aerosols in the atmosphere, since respiratory infection may be trans
mitted due to either talking or coughing droplets from an infected per
son. The method of infection has been observed to depend on the droplet 
size [4,37]. Large droplets with diameter ranging between 2.5 and 10 
μm can deposit due to gravity either in the nasal, oropharyngeal, 
laryngeal, or tracheal regions of the respiratory system, whereas the 
smaller ones ranging between 0.25 and 1 μm can evaporate midair 
involving airborne transmission eventually depositing in the respiratory 
tract. In addition, intense coughs and sneezes have been observed to 
propel larger droplets over 20 feet that can remain airborne for hours 
[38]. Therefore, face masks are expected to prevent the penetration of 
contaminant present in the surroundings such as particulate and dust, 
which can be potential bacteria or virus carriers. Among the various 
classifications, both the surgical masks and the face piece respirators 
have been taken in consideration as effective devises in preventing viral 
infection by airborne contamination. 

A surgical or medical mask is used as medical device for health care 
workers (HCWs) to avoid that patient in hospitals become infected from 
possible expiratory droplets. These devices are generally used for sur
gical operations, since they are fluid resistant providing a useful physical 
barrier from larger droplets and body fluids, despite their loosely fit on 
the wearer face. The common surgical masks are made of three 
nonwoven layers, all of which are generally composed of polypropylene 
(PP) thermoplastic polymer [18,27,39–41] (Fig. 2 a). The cover and 
shell layer are fabricated with spunbond fabric to provide high tensile 
strength and good breathability in the mask, respectively. These layers 
show fibers diameter ranging between 15 and 40 μm, and do not provide 
any contribute to the overall filtration system. On the other hand, the 
inner layer is fabricated by means of MB process, which allow to obtain 
submicron fibers with diameter size ranging between 0.5 and 10 μm. 
This latter layer sandwiched between spunbond fabrics performs as the 
filtering system. As their relatively large diameter is insufficient to 
efficiently filter small airborne particles, electrostatic treatment is per
formed on the filter to improve the filtration efficiency. However, the 
static electricity quickly depletes due to long use of the mask with a 
consequent reduction of the filtration properties, so that they can be 
used for one time only. The grade of protection from bacteria is obtained 

Fig. 1. Number of annual publications on Electrospun filters for face mask 
applications. The data have been collected in a search carried out on the 
“Scopus” database on 2023–04–06 by using the keyword “Electrospinning filter 
face mask“. 
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by means of Bacterial filtration efficiency test (BFE). This test allows to 
obtain a measurement of the device’s resistance to the penetration of 
Staphylococcus aureus (S. aureus) aerosols, which is shot with a flow rate 
equal to 28.3 L/min through the mask by using particle size of 3.0 μm 
[41]. As the degree of efficiency is reported in percent, higher percent 
values correspond to better filtration performances from the face mask. 
According to the European standard (EN 14,683:2019), a surgical mask 
is classified either as type I, if it presents at least a value of 95% BFE, or 
as type II, if it provides better filtration performances (BFE ≥ 98%) (see 
Table 1). Furthermore, a third class, namely IIR, includes a splash 
resistance test to penetration of synthetic blood. About the ASTM 
F2100–19 standard used in United States, the classification of the sur
gical masks is almost the same as the EN 14,683:2019, with the excep
tion of a more relevant test required, concerning particle filtration 
efficiency (PFE) of the submicron particles, with mean diameter of 0.1 
μm [42,43]. 

Like surgical masks, a facepiece respirator is composed of polymer- 
based multiple layers (Fig. 2 b). The outer layers are composed of 
non-woven fabric with grams per square meters (gsm) ranging between 
20 and 50 to create a barrier against moisture. Besides, a higher dense 
layer of around 250 gsm is employed to provide more stiffness and 
thickness to the face mask, whereas a more internal layer made via MB 
process acts as filter. Compared to the surgical masks, the facepiece 
respirators are tighter and more adherent to the face, in order to avoid 
inhalation of both droplets (particle size > 0.5 μm) and smaller particles, 
such as dust, and aerosols (particles size < 0.5 μm), and to provide a real 
protection from both potential viruses and bacteria [18] (Fig. 2 c). With 
regards to the EN 149:2001, these respirators are classified as filtering 
half masks (i.e., Filtering Face Pieces (FFP)) and are divided in three 
different types, namely FFP1, FFP2, and FFP3, depending on the filtra
tion efficiency values, for both PFE and BFE, equal to 80%, 94%, and 

99%, respectively [44–46] (Table 1). In addition to the filtration per
formance, the National Institute for Occupational Safety and Health 
(NIOSH), in the USA, also adopts a classification by letter, namely N-, R-, 

Fig. 2. Structure of a surgical mask (a) and filtering half mask (b). (c) Schematic image of different pathogens and air pollutants for a size comparison.  

Table 1 
European and USA standards required for surgical mask and facepiece 
respirators.  

Surgical mask USA ASTM F2100–19 Standard EN 14,683:2019 Standard  

Level 1 Level 2 Level 3 Type I Type 
II 

Type 
IIR 

BFE (%) ≥95 ≥98 ≥95 ≥98 
PFE (%) ≥95 ≥98 Not required 
Fluid 

resistance 
>80 
mmHg  

>120 
mmHg 

>160 
mmHg 

Not required >120 
mmHg 

Differential 
pressure 
drop 

< 5.0 
mmH2O/ 
cm2 

< 6.0 mmH2O/cm2 < 40 
Pa/ 
cm2 

< 40 
Pa/ 
cm2 

< 60 
Pa/ 
cm2 

Facepiece 
respirator 

NIOSH 42 CFR Part 84–2019 
standard 

EN 149:2001+A1 2009  

N95 N99 N100 FFP1 FFP2 FFP3 
BFE (%) ≥95 ≥99 ≥99.97 ≥80 ≥94 ≥99 
PFE (%) ≥95 ≥99 ≥99.97 ≥80 ≥94 ≥99 
Inhalation 

differential 
pressure 

343 Pa at 
85 l/min   

210 Pa 
at 95 
l/min 

240 Pa 
at 95 
l/min 

300 Pa 
at 95 l/ 
min 

Exhalation 
differential 
pressure 

245 Pa at 
85 l/min   

300 Pa at 160 l/min 

EN (European Norm); ASTM (American Society for Testing and Materials; 
NIOSH (The National Institute for Occupational Safety and Health); CFR (Code 
of Federal Regulations); BFE (Bacterial Filtration Efficacy); PFE (Particle 
Filtration Efficiency). 
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and P-, to indicate the lack of resistance in oil, somewhat oil resistant, 
and strongly resistant, respectively. According to this standard, three 
distinct filtration efficiencies degrees are adopted for the respirators, 
such as 95%, 99%, and 99.97%, and for each series of letters three facial 
pieces are classified, for instance N95, R95, and P95 for 95% filtration 
performance, etc. [4,18]. 

In high-risk situations both the Centers for Disease Control and 
Prevention (CDC) and the World Health Organization (WHO) currently 
recommend to health workers the use of protective sources of respirators 
with performances of 95% or higher, such as FFP2 and N95 [47,48]. The 
rigorous standards adopted in Europe and USA have made that these 
respirators provide higher protection than loose surgical masks, so to 
prevent users to be infected from either large droplets, originated in air 
for short periods during cough, sneeze, and talking, or from fine airborne 
particles which remained in air for long time and have been transported 
for longer distances. However, there are some clinical researches that 
have brought to conflicting results. For instance, some studies have 
evidenced a better effectiveness of N95 respirators in reducing viral 
infections compared to surgical masks [49,50], while other works re
ported no significant difference between N95 respirators and medical 
masks in terms of viral preventing from respiratory infections, including 
that of influenza [51,52]. Even though concrete evidence about the ef
ficacy in protecting health workers against viral SARS-COV-2 of respi
rators compared to surgical mask is not totally reliable yet, the 
utilization of respirators for high-risk setting pandemic is strongly rec
ommended [41,53,54]. 

2.2. Filtration mechanism of face masks 

The filtration effectiveness of a face mask is an estimate of the ability 
of the inner layer in trapping undesired airborne particles, which could 
introduce harmful microorganisms or viruses through inhalation of air. 
The capture mechanism of fibrous media strictly depends on the particle 
size and can be divided in the following way (Fig. 3 a): direct inter
ception, diffusion, electrostatic deposition, gravitational forces and in
ertial deposition [18,27,39,55,56]. The interception mechanism 
generally involves the capture of particles with diameter size lower than 
1 μm. When the particle carried by air streamlines is moving in the 
proximity of the fiber surface, so that their radius is less than the 
fiber-particle distance, it is affected by Van der Waals attraction forces 
thus remaining stuck on the mat. Diffusion is another effective method 

to capture smaller particles, usually those with diameter far below 1 μm. 
The random collision with other particles from Brownian motion near 
the fiber brings the aerosol particle to deviate from their original 
streamline thus impacting with high probability to the fiber surface. 
Besides, charged fibers can effectively trap submicron particles of 
opposite charge via electrostatic attraction. 

The effect of the electrostatic charges is that of improving the overall 
particles filtration efficiency without affecting the morphology of the 
fiber and either the interception or the diffusion mechanical capture. 
Corona discharge and triboelectrification methods are commonly used 
to apply electrical charge on electrically active polymer materials [58, 
59]. Finally, larger particles ranging from 1 to 10 μm are expected to be 
easily captured from gravity and inertia mechanisms. Indeed, bigger 
particles moving along the stream can be deposited on the fiber surface 
due to the gravity. On the other hand, the inertial deposition results to be 
a more effective method to capture either aerosols or dust particles 
larger in size than 1 μm. Particles moving at high velocity near a fiber 
can come out from the main streamlines and impact on the fiber surface 
due to the inertia, hence the higher is the particles velocity the better is 
the capture efficiency. The mechanical efficiency of the commercial face 
masks in the submicron particle range is mainly due to the interception 
and diffusion mechanisms, whereas the contribution of inertial impact 
and gravity are practically negligible. The lowest filtration particle 
measured is defined as the most penetrating particle size (MPPS) and 
corresponds to the least efficiency value ensured by the standards 
adopted (Table 1). The MPPS differs from one filter system to another 
and is found in the point of intersection between the diffusion and 
interception curves, which generally falls in the range between 0.1 and 
0.3 μm [26,56] (Fig. 3 b). To improve the overall mechanical efficiency 
against fine particles for the most commonly produced face masks, in
dustries typically rely on the electrostatic charge effect. The perfor
mance obtained for charged fibers in face mask are better than those 
observed in uncharged one [60]. While the mechanical filtration of large 
droplets in face masks come mainly from the micro-pore size of the fi
bers, which in a MB-based filter is about ~20 μm, the filtration of 
aerosols is due to the electrostatic attraction of smaller particles at the 
fibers surface. The polymer materials forming these mask devices are 
generally electrostatic microfiber media, such as PP, that can be elec
trostatically charged by means of corona discharge. To charge them a 
high voltage is applied between the two electrodes and the electret filter, 
thus allowing the ionization of the air to induce a positive or negative 

Fig. 3. (a) A schematic image of the principal capture mechanisms for fibers. Below, a simplified diagram which displays the particles size range where Electrostatic, 
Diffusion, Interception, and Inertial impact mechanism are more efficient; an example of electrostatic deposition is represented in the schematic picture from the 
electrostatic attraction occurring between a negative charge fiber (minus sign) and a charged aerosol particle (blue sign). (b) Graphic representation of the main 
filtering efficiency curves for a single fiber as function of the particle size; adapted with permission from [57]. 
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charge on the fiber surface [58,60]. Even though this treatment involves 
a better performance in respirators/ face mask, the effect of either air 
humidity or liquid contact on charge decay no longer ensure a proper 
coverage against small particles. It has been stated that longer exposi
tion to air humidity leads to a reduction of the charge on the fibers, thus 
resulting in a decrease in the filtration performance [56]. Moreover, 
ethanol and autoclave sterilization treatment remove electrical charges 
from the polymer filter media thus affecting the performance of the face 
mask not guaranteeing a proper protection if reused [61]. If on the one 
hand respirators are expected to provide a greater filtration performance 
compared to surgical masks due to the effective seal on the face, lower 
air leakage, and multi-layer structure, on the other hand the lowering of 
the electret fiber charge can bring to a significant decrease in the overall 
collection efficiency and make both the class types useless to face 
coronavirus disease. 

2.3. Breathability test 

In addition to filtration efficiency, the overall layers constituting 
either a surgical mask or a facepiece respirator must be both comfortable 
and breathable for the users. Indeed, the fabric fibers used to make a 
mask have to provide an effective barrier against airborne particles, but 
they also must ensure the person to breath properly [39,58,62–64]. The 
pressure drop is the most commonly used parameter to quantify a mask 
breathability, being an index of the air flow resistance of the filter for a 
specific material surface, which makes it a suitable indicator to assess 
the filter performance. Pressure drop is obtained at specific flow rates by 
measuring the difference in pressure between the two outer layers of a 
face mask [63]. Lower values of pressure drop involve better breath
ability for the face device, thus making breathing more comfortable for 
the wearers. The difference in pressure between the upstream and 
downstream measured on the two outer layers side is proportional to the 
volumetric air per unit area, also known as face velocity, that crosses 
through the face mask. The presence of multiple layers as well as the 
occurrence of inhomogeneity in the air flux in the fabric fiber can affect 
in many ways the pressure difference measurement for a given tested 
area. Therefore, a comparison between pressure drop measurements 
obtained in different experiments with different values of tested face 
velocity is not advised [63]. The measure of the pressure drop is usually 
reported in units of Pascal for surface area (Pa/cm2) and varies 
depending on the standard adopted by the different countries. About 
surgical masks for instance, the flow rate values, which is generally 
expressed in liters per minutes (Lpm), used for the test performed both in 
USA and Europe, according to ASTM F2299 or F2101 and EN 14, 
683:2019 standards respectively, is fixed to 8 L/min over a tested mask 
surface of 4.9 cm2, but the maximum pressure drop specified for these 
tests varies from 40/40/60 Pa/cm2, for type I, II, and IIR in Europe, to 
50/60/60 Pa/cm2 for barrier levels equal to 1, 2, and 3 in USA [63,64]. 
The high number of layers that structure a face piece respirator provide a 
better resistance to flow stream compared to surgical masks but results 
also in a large pressure drop which makes breathing more difficult for 
the user (Table 1). Because of the shortage as well as the intense 
workload and patient flow during the pandemic outbreak, face masks 
were allowed to be worn for an extended period longer than that rec
ommended. Nevertheless, a prolonged use can involve a serious of 
discomfort due to an increase of the facial temperature, both during 
exhalation and inhalation [65]. Recent studies investigated the possible 
factors involved in the discomfort increase and in the protection drop 
due to long-term usage of common face mask by testing particle filtra
tion, breathability, and humidity. Experimentally it has been observed 
that high breathing resistance and low moisture permeability make a 
respirator more discomfortable than a surgical mask, especially after 
many hours of use [66]. Additionally, an increase in temperature and 
humidity due to moist air expired and inspired in repeated breathing 
cycles have been observed to promote the growth of bacteria on the face 
mask, thus putting the most vulnerable people at risk of infection [66, 

67]. Also, evident drop in humid air filtration efficiency after prolonged 
wearing of common face mask, with also further proliferation of fungi 
and bacteria colonies, have been recently reported [68]. A research 
stated that the use of surgical masks of high quality, like the Type IIR, 
can be extended to 8 h, and then beyond the recommended time of 4 h, 
but only under restricting conditions and for that specific brand and 
standard [69]. These studies highlights that a prolonged use of com
mercial face mask over the usual recommendation can then involve a 
considerable discomfort for the combined effect of high humidity and 
temperature rise on the face but can also expose the user to other po
tential health risks. 

3. Introduction to electrospinning 

3.1. Electrospinning as alternative method for the fabrication of face 
mask filters 

The layers forming a commercial face mask are mainly produced by 
means of Melt-blowing (MB) and Spunbond (SB) methods. Both the 
techniques are based on the extrusion process of melted polymers in a 
continuous fluid jet through a spin- hole, which size generally range 
between 250 and 1000 μm [58]. However, the two methods involve a 
different process during the collection of the nonwoven fibers. While in 
the SB process the fluid moving across a quench chamber is cooled by 
flow air, thus leading to a stretch of the fibers diameter in the range 
10–35 μm, in the MB process the polymer fluid is further heated by 
high-speed hot air thus involving the formation of finer fibers with 
diameter size ranging between 1 and 10 μm. Since the hot filament 
spontaneously bond in MB process, no further processing is provided on 
the nonwoven fiber. Conversely, to improve the bonding in air cooled 
non-woven fibers, additional treatments, such as thermal, mechanical, 
or chemical, are carried out in SB method [58]. Because of the smaller 
diameter size and poor mechanical strength, the MB fibers are usually 
sandwiched between the SB fabric ones providing filtration performance 
in commercial face mask. Despite PP is the most popular polymer 
employed in filters formation, many other viscous thermoplastic poly
mers, such as polyethylene, polystyrene, polyesters, or polyamides, can 
be melt blowing [21]. 

The electrospinning is another flexible technique to fabricate poly
mer nonwoven fibers and has been attracting great attention from the 
scientific research community and from industries due to its application 
in air filter systems [70]. The physical phenomena of the ES dates to the 
16th century when William Gilbert for the first time observed the for
mation of a cone shaped droplet as a consequence of the exposure to the 
electrostatic field [71]. The behavior of the formation of aerosols of 
charged liquid have been investigated also by Rayleigh, who obtained 
an estimate of the maximum charge that a liquid droplet can carry 
before the liquid jets are ejected from the surface [72]. In addition, 
Zeleny has conceived a mathematical model to explain the physics of 
this process [73]. The first patented ES set-up was that of Cooley in1900 
[74], which involved the use of many electrodes bringing fiber deposi
tion on a continuously rotating drum similar to that conventionally 
employed nowadays, but only between the 1930s and the1940s For
mhals implemented an alternative set-up, which paved the way to the 
modern electrospinning techniques [75–77]. The basic set-up for con
ventional ES consists of four major components, which include a syringe 
for containing the electrospun solution, a spinneret which usually 
consist of a metallic needle with a blunt tip, a high-voltage power supply 
which can be either direct current (DC) or alternating current (AC), and 
a conductive grounded collector [78]. During the ES process the syringe 
pump is used to push a polymer solution at a constant and controllable 
rate. To obtain the ES solution, the polymer compound is being dissolved 
by means of a proper organic solvent. When high voltage is supplied 
between the needle tip and the ground collector, opposite charges will 
separate within the liquid, due to the electrostatic repulsion among 
them, thus involving an increase of density charge on the surface of the 
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droplets. 
The surface tension will promote the formation of a spherical shape 

to minimize the electrostatic pressure induced by the external electrical 
field, which will tend to deform the shape of the droplets. From the 
syringe a charged jet will flow out initially in a straight line towards the 
grounded collector following the direction of the applied electric field 
(Fig. 4 a). As this latter reaches a critical voltage, the surface tension will 
be exceeded by the electrostatic pressure and an instability of the liquid 
solution occurs with further deformation of the droplets from spherical 
to cone shape (i.e., Taylor cone formation) [79] . While the jet extends 
towards the grounded collector, it undergoes a whipping motion due to 
the bending instability. While the external perturbation field accelerates 
the charged jet to move forward the collector, the effect due to the 
electrostatic repulsion among the opposite charges on the surface of the 
jet will generate upward and outward forces thus forcing the jet to bend 
during the motion. Meanwhile, the trajectory is subjected to form a se
ries of loops, resulting in the formation of a coil with several turns. As 
the distance from the tip increases, the diameter of the charged jet tends 
to decrease and to continuously stretch. With further elongation the jet 
solidifies, as a consequence either of the solvent evaporation or the 
cooling of the melt, forming thin fibers. Finally, the collection of the jet 
as solid and stable fibers involves the dissipation of the charges through 
the ground collector. Modifications of the basic set up have been 
adopted over the years to enhance the fabrication of more complex 
nanofibers. An example of advancement in standard needle-based ES 
methods is given by the introduction of a coaxial spinneret, which allows 
the fluids from different polymer solutions to be ejected in a coaxial jet 
thus forming a core− sheath electrospun nanofiber with controlled size 
[80] (Fig. 4 e). Another example is the triaxial ES method, in which 
triaxial needles are used to fabricate nanofibers that are structured in 
three layers [81] (Fig. 4 c). Similar to coaxial, the side-by-side ES 
technique allows to produce a hierarchical Janus fibers composed of two 
different sides starting from different polymer solutions [82] (Fig. 4 b). 

As well as for MB membranes, the overall electrospun membranes 
generally provide low mechanical properties and therefore auxiliary 

outer layers are provided for face mask applications to make them more 
resistant. Although several processing parameters, such as air velocity, 
melt flow index, processing temperature, and orifice size can be tuned to 
obtain smaller MB based fibers [21,26], the MB fibers developed so far 
on laboratory scale as filter media for face mask application are char
acterized by fiber diameter of about the submicron size [23,86–88]. 
Unlike the MB process, the fibers obtained with ES method can reach 
diameter size down to 100 nm and a broad range of polymer materials 
have been successfully electrospun into nanofibers so far [26,89]. A 
decrease of the fiber diameter to the nanoscale has been observed to 
contribute in increasing the capture of fine aerosols particles (< 0.5 μm) 
[62,90,91]. Since the diameter of electrospun nanofiber can be com
parable with the free path of air molecules at ambient condition, a slip 
flow regime occurs around the single nanofiber [26,70,92]. In this 
regime the fiber’s drag force friction is substantially reduced, therefore a 
low momentum exchange between the fine particles and the fiber sur
face occurs, resulting in a low pressure drop [93]. Besides, the air 
streamlines behave in a straight-line fashion getting closer to the 
nanofiber thus resulting in a higher filtration efficiency due to inter
ception mechanisms [70]. On the other hand, many drawbacks in con
ventional ES are due to the use of volatile organic solvents, which 
represents almost the 80% of the solution used for polymer solubility. 
Some of them are toxic and a small part of them may remain in the 
nanofiber fabric, without evaporating completely during the process 
[26]. Instead, many different MB set-up are solvent-free and can also 
achieve high production rates, thus providing low cost and eco-friendly 
manufacturing of nonwoven fabric compared to ES [21]. Although ES is 
a relatively new and promising method for the manufacturing of 
nanofiber-based filter in application for face masks, new technologies 
and strategies should be developed to reduce the high cost of hazardous 
solvent and promote a safer production of nanofiber on large scale. 

3.2. Electrospinning design for high production 

Because of the long fiber deposition time occurring in conventional 

Fig. 4. ES process: (a) Formation of Taylor cone and further stretch of polymer jet under bending instability, adapted with permission from [83]. (b) Side-by-side ES 
set-up, adapted with permission from [84]. (c) Triaxial ES setup and (d) fiber structure: SEM image of fiber; TEM image of fiber; laser confocal image of fiber. (e) 
Coaxial ES and SEM image of aligned TiO2; adapted with permission from [85]. 

A. Cimini et al.                                                                                                                                                                                                                                  



Applied Materials Today 32 (2023) 101833

7

ES using a single needle (capacity of ~ 0.01- 0.1 g/h), several techniques 
such as multi-needles, needleless, free solvent or melt, and centrifugal 
ES have been developed to improve the production rate of nanofiber 
membranes [94,95]. The idea behind the multi-needle is based on 
conventional ES, but with the utilization of a nozzles array that allow the 
outflow of several polymer solution simultaneously (Fig. 5 a). 

Although better production rates have been observed by increasing 
the number of nozzles in several ES spinnerets, drawbacks due to either 
the needle clogging or electric field interference between the close 
needles arranged on the array may affect the nanofiber productivity 
[99]. Unlike the multi-needle method, the needleless ES overcomes the 
shortcoming of clogging, because of the absence of needles use [83] 
(Fig. 5 b). The spinneret in this case generally consists of a rotating 
cylinder with large surface area that is partially immersed into the 
spinning polymeric solution. As a result of the rotation, a continuous 
production of thin polymer layer occurs on the spinneret surface with 
the further formation of steady conical spikes. The application of high 
voltage to the spinning solution intensifies the perturbations, thus 
leading to the formation of Taylor cones, from which polymer jets are 
further stretched out to finally results in fibers. In comparison with 
multi-needle method the needleless ES can produce the highest quality 
fibers and can have higher rates of production by exploiting different 
spinneret shapes in the set-up, such as cylinder, ball, disk, coil, and 
beaded chain [100,101]. Centrifugal ES has proven to be also a prom
ising method to produce ultrathin fiber with large volume and high ef
ficiency compared to other techniques [97,102]. This technique 
combines centrifugal and electrical forces to manufacture fiber from 
micrometers to nanofibers scale (Fig. 5 c). Because of both rotating 
spinneret and applied electric field, the stretching effect on the polymer 
jet expelled from the nozzle rim is higher than that observed in con
ventional ES. The combination of centrifugal, viscous, electrical, and 
gravity forces leads to a greater elongation of the polymer jet with lower 
bending instability, thus resulting in a better orientation in the forma
tion of fibers [97]. As it can be observed in Table 2, several synthetic 
polymer membranes, including Polyacrylonitrile (PAN), Poly
vinylpyrrolidone (PVP), and Polyvinylidene fluoride (PVDF), have been 
electrospun so far by means of needless and centrifugal techniques, 
providing high-rate productivity compared to the conventional ones. 

However, the use of large amounts of harmful solvents, such as DMF, 

can require a high cost in recycling, thus limiting the large-scale pro
duction of these synthetic membranes. Safer bio-sources, deep eutectic, 
and ionic liquids solvents have been recently proposed as low toxic so
lution to allow a proper spinnability and processability for these syn
thetic polymers, but further investigations should be done to extend 
their use to pilot scale manufacturing [118,119]. On the other hand, the 
formulation of alternative solvents, including water and ethanol, with 
biopolymer materials, such as Polyvinyl acid (PVA), polylactic acid 
(PLA), and polyethylene oxide (PEO), have been used in both these ES 
techniques, showing high productivity rate [97,103,106,109,114,115] 
(Table 2). These polymers are nowadays widely implemented in health 
industry application, including personal protective-clothing, tissue en
gineering and drug delivery, due to their biocompatibility and biode
gradable characteristics [120–122]. Unlike these solvent based 
methods, the melt ES is an eco-friendly and solvent free process [95, 
123]. Given the absence of solvents to solubilize the polymer in the 
spinning solution, the viscosity of the polymer melt is higher than that 
usually obtained for standard solution ES with single needle. Therefore, 
a strong electric field, three or five times higher than that used in con
ventional ES, is applied to the melt polymer to guarantee the fiber for
mation. Among the different types of melt ES set-ups designed so far, the 
needleless melt differential ES proved to be a promising method to start 
mass production of fiber. Like needleless ES, the needleless melt dif
ferential process avoids the use of capillarity needle and make use of 
very high voltage to produce multiple jets from free melt polymer sur
face. The set-up is provided with five principal components, including 
both a melt inlet and distributor, umbellate nozzle spinneret, high 
voltage power supply, and a receiver plate (Fig. 5 d). Firstly, the melt 
polymer is being channeled by means of a micro inlet toward a melt 
distributor to be then transformed from a cylindrical flow into a more 
uniform ring-like shape one. The further distribution of the flow to 
umbellate nozzle spinneret allows the formation of a uniform melt thin 
layer on the circumferential surface. The application of a critical high 
voltage power involves the formation of polymer multiple jets around 
the circular edge of the umbellate nozzle and their further ejection in the 
form of fibers to the receiver plate. An increase in the output of the melt 
polymer fibers is possible by reducing the distance between the multiple 
jets (interjet distance) forming around the rim of the nozzle, and thus 
expanding the number of Taylor cones produced (Fig. 5 e, f). Shorter 

Fig. 5. (a) Multi-needles ES set up; adapted with permission from [96]. (b) Needleless ES using spiral coil spinneret; adapted with permission from [94]. (c) 
Centrifugal ES set-up; adapted with permission from [97]. (d) Umbrella like spinneret and schematic diagram of melt polymer differential ES; (e) formation of 
multiple melt polymer jet; (f) definition of interjet distance; adapted with permission from [98]. 
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interjet distance can be obtained by applying high electric fields during 
the spinning process as well as by lowering the value of the polymer melt 
viscosity by varying the nozzle temperature [117,124,125]. Despite the 
high-rate production, the resulting fibers are still large, exceeding 1 μm 
in size than those fabricated by means of solution ES methods. To 
address the drawbacks due to the large diameter limitation, nontoxic 
additives have been blended with polymer to produce submicron fiber 
[98,126]. Scale up production line for melt ES providing polymers 
electrospun membrane sheet of width around 1.6 m with 1–10 m/min 
speed production have been reported in literature [98]. The productivity 
efficiency of synthetic PP and biodegradable PLA electrospun mem
branes were comparable with those reported for standard MB lines, 
which provided high throughput rate around ~1 kg/h [21]. Also, a 
scalable set-up for melt Centrifugal ES has been designed with the in
clusion of nozzle spinneret to generate multiple jets from the rim disk 
and enhance the throughput rate of nanofibers [116] (Table 2). A list of 
international companies that supply several ES equipment based on 
needleless and centrifugal technologies for industrial production of 
nanofibers, has been reviewed in other works [127,128]. The advantage 
of melt ES processes, including the Needleless and Centrifugal ones, is 
due to a reduction in cost of solvent recovery that brings to a more 
sustainable manufacturing process of polymer membranes. However, 
the high processing temperatures ensure that only thermoplastic 

polymer showing high decomposition temperature can be processed 
[95]. On the other hand, less toxic solvent-based ES methods can be a 
solution to high productivity of biopolymer membranes, due to their low 
impact on environmental waste, life cycle and health assessment [119]. 
Further assessment on environmental cost and impact for many alter
native green solvents is necessary to reduce the risk caused by using 
hazardous solvents and to allow a more sustainable manufacturing 
process for large scale polymer membranes. 

3.3. Electrospinning parameters and filtration efficiency 

ES technique has shown to be a low expensive approach to design 
nanofiber with controlled size. Many processing ES parameters, 
including applied voltage, distance between the two electrodes, nozzle 
tip (needle) diameters, and flow rate, as well as polymer concentration 
in the solution, can be properly tuned to control structural morphology 
and orientation distribution of the fibers [129–133]. Among these pa
rameters, the polymer concentration strongly affects the fibers diameter. 
It was observed that lower viscosity in the ES solution involves the 
formation of finer fibers in the electrospun membrane [134–137]. A 
reduction of the fiber size in the range of nanofiber is required to obtain 
high filtration efficiency against submicron particles [138–140]. Indeed, 
the probability of fine aerosols to impact the ultrafine fibers increase due 

Table 2 
A comparison between scale up electrospinning methods to fiber manufacturing.  

Electrospinning Technique Method Polymer1 Solvent2 Productivity Electrospun fiber 
size 

Application Refs. 

Needleless  Anular spinneret PAN DMF  ~4.5 g/h ~133- 351 nm Air filtration [100]  

Needle roller 
electrospinner 

PVA DI ~12.8 g /h ~190 nm – [103]  

Anular spinneret PVP 
PCL 
Silk 
fibroin 
PANI 
/PAA 
PAN 
PVDF/ 
PEG  

DMF/Ethanol/DI 
TFA 
Trifluororethylene 
DMF 
DMF 
DMF/DI 

~4.8 g/h < 2 μm – [104]  

Yarn spinneret PAN DMF ~1.17 g /h ~100–117 nm – [105]  
Threaded rod spinneret PEO DI and ethanol ~5–6 g/h ~100–500 nm – [106]  
Linear flume spinneret PAN DMF ~4.8 g/h ~108–210 nm – [107]  
Mushroom-spinneret. PAN DMF 13.7 g/h ~100–200 nm – [108]  
Bullet spinneret PVA Water ~1.08–4.55 g/ 

h 
~123–546 nm – [109] 

Multi-needle – TPU – ~50 g/h ~145 nm Air filtration for PM2.5 [110] 
High speed (HSES)  Rotational spinneret SBE-β-CD VOR and water ~240 g/h ~0.5 – 2 μm – [111]  

Rotational spinneret PVA  DI  ~3.6–6 g/h ~271–477 nm  Biopharmaceutical [112] 

Air-blowing assisted Coaxial – PVP DMF ~3.6 g/h ~1–16 μm – [113] 
Centrifugal  Single subdisk PS 

PVP  
Chloroform 
Ethanol 

~25 g/h ~263–8372 nm Mask filter [114]  

– PVP 
TPU 

Ethanol 
DMF  

~50 g/h ~2.8–8.9 μm 
~1.8 – 5.4 μm 

Biomaterial and biomedical [115]  

– PEO 
PLA 

Water 
Chloroform  

~38.3 g/h 
~12.8 g/h 

~180 nm 
~525 nm 

– [97] 

Melt Differential Centrifugal 
(MDCE) 

Centrifugal differential 
disk 

PP (Solvent-free) ~124.3 g/h ~790 nm – [116] 

Melt Differential (PMDES) Umbrella-like spinneret PP/PLA  (Solvent-free) ~0.3–0.6 kg/h ~300 nm Biomedical and tissue 
engineering 

[98] 

Melt 600-nozzle spinneret PLA (Solvent-free) ~0.9–5.1 kg/h ~1 μm – [117]  

1 Polymers abbrevations: PAN (Polyacrylonitrile); PVA (Polyvinyl acid); PVP (Polyvinylpyrrolidone); PCL (Polycaprolactone); PANI (Polyaniline); PAA (polyacrylic 
acid); PVDF (Polyvinylidene fluoride); PEG (polyethylene glycol); PEO (polyethylene oxide); TPU (Thermoplastic polyurethane); SBE-β-CD (Sulfobutylether- 
β-cyclodextrin); PS (polystyrene); PLA (polylactic acid); PP (Polypropylene). 2Solvents abbreviations: DMF (N, N-Dimethylformamide); DI (De-ionized water); TFA 
(trifluoroacetic acid); VOR (Voriconazole). 
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to the high surface area, whereas small interstitial sites between the fi
bers improves the ability of the membranes to remove particles bigger 
than the pores size because of the sieving effect [141]. Also, an increase 
of the basis weight for a given surface or thickness obtained with a 
longer deposition time during the ES process has proven to be a good 
strategy to improve filtration efficiency of the filters [142–144]. How
ever, the use of thicker layers as well as that of small fibers can nega
tively affect the air permeability of the fabric resulting in an increase of 
the pressure drop with consequences on the breathability. Therefore, the 
overall performance of the filter can be estimated by means of the 
calculation of the quality factor (QF), which takes into account both the 
pressure drop (ΔP) and the filtering efficiency towards particles (η) 
[141]: 

QF = −
ln(1 − η)

ΔP
(1) 

Better filter performance can be obtained for high QF values, which 
means to keep low pressure drop and high particles filtering efficiency. 

One strategy to obtain effective filtration is that to fabricate electrospun 
fibers with high interconnectivity or porosity. An enhanced porosity can 
involve a proper airstream across the electrospun membrane with a 
significant reduction in the pressure drop, without affecting the ability 
of capture of the nanofibers against submicron particles [62,141]. 

4. The use of electrospun nanofibers in surgical mask and 
respirator applications 

4.1. Improvement of the face mask’s performance by using nanofibers 

In recent years many synthetic and thermoplastic polymers such as 
PVDF, PAN, PP, Polyimide (PI), and polystyrene (PS), have been elec
trospun in fibers to improve the prevention of infection from expiration 
of airborne contaminants [4,18,27]. A reduction of the fiber diameter as 
well as of the interstitial space between the fibers has been observed to 
lead to a significant improvement in mechanical adsorption of fine 
particles in several polymer based electrospun membranes [145–148]. 

Fig. 6. (a) Comparison between the filtration efficiency measured for PVDF and amphiphilic PVDF-g-POEM double comb copolymer for different pressure drop 
values; adapted with permission from [146]. (b) Filtration efficiency values measured for PAN electrospun fibers as function of different average diameter; adapted 
with permission from [148]. (c) Filtration efficiency measured for PAN10%− 1%Ag (1.50 g/m2), Respirator Face Mask and Three-Ply surgical as function of aerosol 
particle size; adapted with permission from [147]. Diameter statistics of (d) PAN, (e) PAN/ (Graphene oxide) GO, and (f) PAN/GO/PI-6 nanofibers; SEM images of 
(d-1) PAN, (e-1) PAN/GO, and (f-1) PAN/GO/PI-6; SEM images and illustration of (d-2) PAN, (e-2) PAN/GO, and (f-2) PAN/GO/PI-6 nanofibers after PM2.5 
adsorption; (g) pore size distribution measured for PAN, PAN/GO, and PAN/GO/PI electrospun membranes; adapted with permission from [149]. (h) Filtration 
efficiency and pressure drop measured for multilayer PE/PA with different PA electrospun membrane thickness; SEM images obtained for (i) PE meltblown nonwoven 
membrane and (j) PA electrospun one after filtering the PM; (k) water vapor transmission rate test measured for the PE/PA and two different commercial face masks, 
namely com-1 and com-2; adapted with permission from [150]. 
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Ultrathin PVDF-g-POEM electrospun fibers exhibited higher perfor
mance in capturing NaCl particle (≤ 0.3 um) compared to PVDF nano
fibers with larger diameter (Fig. 6 a) [146]. 

When the small fibers and the mean free path of air become com
parable, a slip flow regime occurs for the nanofibers, resulting in a low 
pressure drop for the electrospun membranes as well. Moreover, from an 
analysis of the filtration test performed on PAN nanofibers prepared at 
different fiber size, a significant drop in both particle capture of PM2.5 
(particle size < 2.5 μm) and pressure drop has been observed and 
attributed to the presence of large diameter fiber and wide pore size in 
the electrospun membranes (Fig. 6 b) [148]. Additionally, small pore 
size in electrospun membranes improved the capture of particles of 
greater dimension because of the sieving effect. The measures of mini
mum efficiency values obtained from particle filtration curves per
formed on several PAN nanofibers have proven to be comparable with 
the average pore size, thus indicating that particles slightly smaller in 
size were the most penetrating in the filters [147]. Nevertheless, because 
of the small inter-fiber space, the least efficiency measured for PAN 
electrospun membranes were shifted to a lower particle size range, 
providing a better interception of submicron particles compared to those 
observed for commercial filters used in face masks (Fig. 6 c). Also, Dai 
et al. reported that a decrease in pore size leads to a better capture of 
aerosols particles [149]. From an analysis of the Scanning Electron 
Microscopy (SEM) images performed on the PAN, PAN/ Graphene oxide 
(GO), and PAN/GO/PI membranes they noted that within the same 
adsorption time the amount of PM2.5 particles, present with the shape of 
beads, were more uniformly adsorbed on the nanofibers composed of 
PAN/GO/PI and in greater amount than those found on PAN (Fig. 6 d–f). 
The best interaction occurred between nanofibers and submicron par
ticles has been attributed to the uniform inter-fiber space distribution 
observed at 0.5 μm, which was lower in size and narrower compared to 
those observed for other PAN and PAN/GO electrospun membranes 
(Fig. 6 g). In Table 3 a summary of the performances obtained from 
recent electrospun membranes-based face masks is provided for a 
comparison. 

As it can be seen in Table 3, the measurements performed so far on 
several natural and synthetic polymer-based electrospun filters 
demonstrate that in addition to small fiber size also the area of the pores 
results to be lower compared to those reported for commercial face mask 
[191–193]. These results therefore indicate that the optimization of both 
fibers and inter-fiber space in electrospun membranes can be beneficial 
to achieve proper nanofibers filters with high filtration effectiveness to 
remove submicron particles. The application of electrospun fibers as 
filter to improve performance in commercial face mask has been also 
investigated. The inclusion of PS/PVDF nanofiber membranes inside a 
N95 respirator has been observed to provide higher filtration perfor
mance compared to the standard one, showing also low pressure drop at 
~ 72 Pa, well below the maximum limit imposed by the NIOSH standard 
(Table 1) [172]. On the other hand, the application of electrospun PAN/ 
based microporous carbon nanofibers (MCNFs) in face masks proved a 
significant reduction in facial temperature recording during exhalation 
and inhalation test, thus making them more comfortable during the 
breathing compared to a common mask [194]. Combining electrospun 
fibers and melt blowing fabric with different pore and fiber morphology 
in masks turned out to be an excellent way to fabricate new face masks 
with excellent filtration performance and more comfortable wearability. 
From a comparison between the filtration curve measured for the pris
tine MB based polyethylene (PE) membranes and those obtained for 
multilayer designed at different thickness of electrospun Nylon-6 (PA) 
fibers, it is shown that the addition of ultrathin PA significantly 
improved the capture of fine particles in the multilayer PE/PA [150] 
(Fig. 6 h). This analysis was in accordance with what was observed in the 
SEM images performed on PA and PE membranes, where an evident 
capture of low particle size prevalently occurred in the PA membranes 
due to the smaller fiber and micro-pore size (Fig. 6 i, j). A similar result 
has been reported in the work carried out by Yuanqiang Xu et al. where a 

higher capture of fine particles with size below 0.5 μm was attributed to 
the addition of electrospun nanofiber with smaller inter-fiber space on 
MB-based PE membrane, which was made instead of larger pores [160]. 
Furthermore, experimental evidence based on water vapor transmission 
rate (WVT) revealed that multilayer membranes based on electrospun 
and MB fabric provided higher values of WVT compared to that 
observed in commercial face masks, thus proving a better passage of 
moisture air during exhalation, and therefore a less human discomfort in 
wearing the mask [150,160] (Fig. 6 k). Also, the measures obtained from 
the air permeability test, which is related to the pressure drop of the 
fabric and is defined as the rate of the air passing through the membrane 
under a certain pressure, were found to be comparable and in accor
dance with the standard required for commercial face masks, thus 
ensuring a proper breathability in the multilayer fabric [150]. These 
results indicate that a combination of micro and nanofibers in a multi
layer membrane can involve a better breathability over commercial face 
mask, while providing an effectiveness capture of PM. It is worth noting 
that electrospun of thin polymeric nanofibers on thicker MB membranes 
allow to address the drawback due to the poor mechanical properties. 
Furthermore, the addition of nanofiber with sub-micron pores structures 
in MB based face mask can face the issues of discharge dissipation in a 
high humidity exposure for used charged fibers and ensure a more stable 
filtration performance, without the need of further electrostatic treat
ment for the membranes. 

4.2. Eco-sustainable polymer materials for nanofiber masks 

The polymers employed for membrane manufacturing are non- 
degradable and even worse their production as well as their disposal 
is not sustainable environment-wise, in most cases [195]. The outbreak 
of pandemic has revealed these environmental issues, given the large 
amount of plastic pollution due to the improper disposal of discarded 
masks [196–198]. It was estimated that just the 1% of the total disposed 
masks, which is around 10 million of mask for month, corresponds to a 
plastic weight ranging between 30 – 40 tons dumped in the environment 
[199]. The plastic fibers composing the inner and outer layers of waste 
masks, such as PP and PE, can be broken down in smaller parts, also 
defined as microplastics (MPs), and remain in the environment for a very 
long time [200]. Besides, these MPs can further decompose due to a 
series of potential aging process, including physical abrasion, ultraviolet 
(UV) radiation, and chemical oxidation, and so release toxic additives as 
well as provide attachment points for microorganism with negative 
consequences for ecosystem and human health [201]. The enhancement 
of the ecotoxicity of the MPs released in open sea, which is provoked by 
the continuous accumulation of plastic coming from disposable masks at 
the landfills, is rising up nowadays a global concern [202,203]. There
fore, the urgent need to implement more sustainable development has 
become a relevant issue to address in the increasing demand of face 
masks [156]. To reduce the environmental impact due to the massive 
use of disposable masks, some researchers explored the fabrication of 
high efficiency filter material by employing recycled polyethylene 
terephthalate (PET) [164] (Fig. 7 a). 

Investigation on ES of recycled PET filter have been carried out with 
satisfactory results on PM removal efficiency and low pressure drop 
[189]. The latest works have shown how filters based on PET waste 
nanofiber can be achieved by optimization of the ES parameters and can 
additionally be redissolved and reprocessed, without losing their per
formance in filtration [164]. The use of recycled expanded polystyrene 
(EPS) for the manufacturing of multilayer electrospun filter mask with 
different fibers size provided promising performances for both submi
cron particles filtration (~ 99.4%) and optimal pressure drop, ranging 
between 48 and 58 Pa [165] (Fig. 7 b, c). Therefore, the feasibility in 
using recycled materials such as PET and EPS for the fabrication of face 
mask could be considered to implement a circular economy and a 
significantly lowering in the environmental impact in terms of resources 
consumption and environmental pollution for future policies [205,206]. 
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Table 3 
Performance of electrospun filter for face mask application.  

Tested aerosols particles 1Electrospun fiber composition PFE BFE Pressure 
drop 

Quality Factor 
(QF) 

Electrospun fiber 
size 
(Pore size) 

Refs.   

(%) (%) (Pa) (Pa− 1)   
NaCl Nylon-6 onto PE MB 

nonwovens 
(Face velocity 5.33 cm s− 1) 

>99 – <100 ~0.0486 ~126 nm (6 μm) [150]  

PMMA-EVOH 
onto spunbonded PP 

~99 – ~44 – ~319 nm [151]  

PVA 
(Needleless electrospinning) 

~99 – ~78 ~0.0593 ~273 nm [152]  

PAN/PVDF-PDMAEMA <96 – ~78 ~0.398 ~190/525 nm [153]  
PVDF-Si NPs2 99% – ~392 ~0.02 ~1 μm [145]  
PVDF/TTVB3 ~99 – ~350 – ~479 nm [154]   
PVDF-g-POEM 
(Face velocity 5.3 cm s− 1) 

>93% – – ~0.06 ~77 nm [146]  

(ABC)-type terpolymer 
(Face velocity 5.3 cm s− 1) 

~99 – ~177 ~0.025 ~400 nm [155]  

PLA ~95 – – ~0.014 ~630 nm [156]  
PLA ~99 – ~104 ~0.094 ~37.4 nm (0.73 

μm) 
[157]  

PA6/PVP/CS ~99 – ~54 ~0.118 ~130 nm [158]  
CA-TiO2 ~99 – ~31 – ~278 nm [159]  
PP/PLA-Ag NPs 
(Face velocity 10.67 cm s− 1) 

~99 – ~105 ~0.048 ~820 nm (5 μm) [160]  

PS/Ag NPS >97 – <147 – ~ 3 μm- [161]  
PAN/Ag NPs ~99 – ~65 ~0.15 ~320 nm (0.3–0.9 

μm) 
[147]  

PAN/Ag NPs/Bontioides/g-C3N4 

(Face velocity 0.29 m s− 1) 
~99 – ~65 ~0.097 ~727 nm [162]  

PVA/PEO/CNF/N-TiO2 ~98 – – – ~0.79 μm [163]  
Recycled PET >98 – ~36 – ~1.2 μm [164]  
Recycled EPS 
(Face velocity 5.3 cm s− 1) 
(Needleless Electrospinning) 

~99 – ~48 ~0.099 ~1.04 μm [165]  

PVA/AG NPS 
(Face velocity 5.5 cm s− 1) 

97.7  ~59 ~0.09 ~434 nm [166]  

PVA/WS-CS4 

(Needleless electrospinning) 
~97 – ~57 ~0.0825 ~217 nm (12–22 

nm) 
[167]  

PVA/SBE-βCD 
(Face velocity 5.3 cm s− 1) 

~99 – ~57 ~0.82 ~2.26 μm [168]  

PAMAM/PAN/TEO 
(Needleless Electrospinning) 

~98 – ~388 – 440 nm [169] 

Murine hepatitis virus A59 (MHV-A59) used in NaCl PVDF-RB5 ~99 – ~40 – ~200 nm (1.5–2.0 
μm) 

[170] 

Polystyrene latex 
sphere (PSL) 
Virus surrogate used in PSL:influenza A (H1N1); 
coronavirus 229E;SARS-CoV-2(Delta variant); 

PLA and Manuka oil >99 
~99 
~99 
~99  

~99 <58 – ~168 nm [171] 

– PS/PVDF ~99  – ~72 – – [172] 

– PLA & phytochemical-based 
herbal-extracts 
(Needleless Electrospinning) 

– ~97 ~35 ~0.097 ~8 μm (20 μm) [173] 

– PVB-Thymol ~83 ~99 ~46 – ~375 nm [174] 
– Nylon 6 

(Needleless Electrospinning) 
– ~97 – – 110–400 nm (0.6 

μm) 
[175] 

Dioctyl sebacate (DEHS) CA/TPU-LiCl ~99 – ~52 ~0.12 ~280 nm (0.9 μm) [176]  
PVA-TA  ~99 – ~35 ~0.15 ~430 nm [177]  

PVA-LS ~99 – ~24 ~0.212 ~439 nm [178] 
PM0.3 PAN >97 – ~ 50–500 – ~430 nm (0.5–1.2 

μm) 
[179]  

PAN/ZnO NPs ~98.8 – ~48 ~0.092 < 420 nm [180]  
CA/AC/TiO2 

(Face velocity 0.8 m s− 1) 
~82 – ~63 ~0.0271 – [181]  

PAN/FPVDP@CNTs6 

(Face velocity 5.33 m s− 1) 
~99 – ~49 ~0.1984 ~113 nm (1.5 μm) [182]  

Gelatin/β–Cyclodextrin 
(Face velocity 6 cm s− 1) 

>95 – ~148 ~0.029 ~130–247 nm 
(1–1.4 μm) 

[183]  

SP/PS >95 – <343 – – [184]  
Zein on cellulose paper towel 99% – 109 – 0.6–2.4 μm 

(0.2–0.3 μm) 
[185] 

PM1.0 PLA ~98 – ~29 – ~274 nm (2.5 μm) [186] 

(continued on next page) 
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Also, the utilization of renewable and biodegradable thermoplastic 
polymers, such as PLA and polyvinyl butyral (PVB), has shown to be a 
sustainable alternative to produce effective filters comparable to many 
commercial face mask [156,157,173,174,207]. Wang et al. designed a 
biodegradable face mask entirely formed of PLA polymer [157]. The 
assembly of nanofibers layers with different diameter size, provided a 
multi-scale structure in the membrane with high porosity and small pore 
size, which was able to maintain high filtration performance against 
PM0.3 also after a prolonged exposure in high humidity environment 
(Fig. 7 d, e). Besides, from a study on the weight loss in degradation 
(WL), they observed that the PLA-based face mask was completely 
decomposed from microorganism present in soil after being buried in for 
150 days (Fig. 7 f, g). A similar result in biodegradation performance has 
been reported also by Patil et al. [173]. The SEM images performed on 
the 3-ply cotton-PLA-cotton layered face mask after 20 days of pre
treatment with a slurry consisting of fresh cow-dung microflora, 
revealed an extensive growth of bacteria colonies on the PLA nanofiber 
surface, thus suggesting an effective biodegradation process occurring 
on the membrane (Fig. 7 h). The filtration performance of green PLA 
face masks result to be comparable with that obtained for multilayer 
membranes of MB and synthetic electrospun nanofibers seen above 
[150,160] (Table 3). On the other hand, the biodegradable PLA-based 
face mask can be easily decomposed trough biological process in a 
reasonable time, thus resulting in less pollution for the environment. In 
addition to synthetic and biodegradable polymers, the cellulose nano
fibers have been receiving attention as emerging raw materials because 
of their abundant availability and for their properties, such as biode
gradability, renewability, high mechanical strength, porosity, etc. 
[208–210]. Recent works have focused on the ES of polymers and cel
lulose blends for the development of filter materials, reporting prom
ising performances for face mask/ respirators [158,211,212]. 
Additionally, the cellulose acetate (CA) has shown to be an eco-friendly 
alternative to petroleum-based non-biodegradable polymers for the 
fabrication of electrospun nanofiber filters [159,181,213]. Wang et al. 
investigated the application of CA by means of ES technique to design 
new biodegradable filter for face mask [176]. The electrospun mem
brane based on CA, thermoplastic polyurethanes (TPU), and lithium 
cloride (CA/TPU-LiCl) showed high filtration efficiency (99.8%) against 
dioctyl sebacate (DEHS) aerosol micro particles with low pressure drop 
(~ 52 Pa). To test the reusability, a standard disinfection method 

involving alcohol has been performed on the biodegradable 
CA/TPU-LiCl membrane. The disinfection test revealed a high resistance 
of the electrospun filter to alcohol soaking, such that after ten repeated 
cycles both the filtration performance and the pressure drop remained 
quite stable around 98.2% and 34 Pa, respectively. The degradation of 
CA can occur in the soil surface as well as by means of microorganism 
and enzymes treatments, but the rate is strictly dependent on the envi
ronmental conditions in which the natural polymer is subjected [214]. A 
recent study carried out by Samadian et al., demonstrated that the in
clusion of berberine in a CA/gelatin based electrospun nanofibers 
enhanced the degradation rate of the membrane, which resulted in a 
high weight loss around ~ 80% after only 14 days of exposition in PBS 
solution [215]. Also, Oldal et al. observed that CA electrospun nano
fibers membrane can be easily degraded by means of natural enzymes, 
such as cellulase and esterase [204]. Compared to pristine CA nano
fibers, a faster response in the degradation process has been observed for 
CA membranes pretreated in solution with green surfactant (Fig. 7 i–l). 
The use of tetrabutylammonium bromide (TBAB) and High-foaming 
Honey Surf (HS) made the access to the polymer chain of CA-based 
membrane easier for both enzymes, thus improving the biodegrada
tion process in the observed elapsed time of 16 h. These results indicate 
that electrospun membranes based on natural polymers, such as PLA and 
CA, can be a valid solution to fabricate more sustainable and 
high-performance face mask, to relieve the high consumption of 
petroleum-derived plastics polymers, which is used in the 
manufacturing of disposable commercial face mask, and to prevent 
possible effect on environmental hazard in the long run. 

4.3. Nanoparticles surface modification for better antibacterial and 
antiviral electrospun face masks 

Face masks provide a useful physical resistance to the transmission of 
aerosol carriers of either viruses or bacteria, but a high risk of contam
ination occurs on the fabric for long time usage. Considering therefore 
the current COVID-19 pandemic, the importance of providing stable 
self-cleanable filters with strong antibacterial and antiviral activity has 
led to the development of nanoparticles (NPs) embedded electrospun 
nanofibers, in the past few years. The ES of hybrid materials has shown 
to be a straightforward and innovative approach to process and stabilize 
NPs either onto or into the electrospun nanofibers membranes. The 

Table 3 (continued ) 

Tested aerosols particles 1Electrospun fiber composition PFE BFE Pressure 
drop 

Quality Factor 
(QF) 

Electrospun fiber 
size 
(Pore size) 

Refs.  

PLA-PA11 ~89 – ~6.5 – ~76 nm [187]  
PAN/silane/ZnO NPs ~99 – ~44 ~0.137 1 < μm (19 nm) [188] 

PM2.5 PAN/PI/GO7 ~99 – ~92 ~0.0576 ~244 nm (0.5 μm) [149]  
Recycled PET 
(Face velocity 4.8 cm s− 1) 

~100 – ~212 – ~1.27–3.25 μm [189]  

PAN/CTAB8 >99 – ~11 ~0.469 ~150–200 nm (2–4 
μm) 

[148]  

PASS/Ag/ZnO ~99 – ~42 ~0.07 ~330 nm (2 μm) [190]  

1 Electrospun fibers abbreviations: PE (Polyethylene); PMMA (poly(methyl methacrylate)); EVOH (ethylene vinyl alcohol); PVA (Polyvinyl acid); PAN (Poly
acrylonitrile); PVDF (Polyvinylidene fluoride); PDMAEMA (poly [2-(N,N-dimethyl amino) ethyl methacrylate]); g-POEM (graft-poly(oxyethylene methacrylate); 
(ABC)-type terpolymer (Poly(styrene-co-2-(dimethylamino)ethyl methacrylate-co-acrylonitrile))); PLA (polylactic acid); PA6 (polyamide 6); PVP (Poly
vinylpyrrolidone); CS (Chitosan); CA (cellulose acetate); PP (Polypropylene); PEO (polyethylene oxide); CNF (cellulose nanofibers); PET (polyethylene terephthalate); 
Polyarylene sulfide sulfone (PASS); EPS (expanded polystyrene); SBE-β-CD (Sulfobutylether-β-cyclodextrin); PAMAM (polyamidoamine dendritic polymers); TEO (tea 
tree essential oil); PS (polystyrene); PVB (polyvinyl butyral); CA (cellulose acetate); TPU (Thermoplastic polyurethane); TA (Tannic acid); LS (lignosulfonate); AC 
(activated charcoal); FPVDP (fluorinated polyvinylpyrrolidone); SP (Spiropyran); PS (polystyrene); PA11 (Polyamide-11); PI (Polymide). 

2 NPs (Nanoparticles). 
3 TTVB (organic photosensitizer). 
4 WS (water soluble). 
5 RB (Rose Bengal). 
6 CNTs (Carbon nanotubes). 
7 GO (Graphene oxide). 
8 CTAB (Cetyltrimethylammonium bromide-Br− ). 
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antimicrobial effectiveness of metal NPs, such as Au and Ag, as well as 
metal oxide NPs, such as, TiO2, CuO, ZnO, and MgO, have been studied 
with several human pathogens bacteria such as Escherichia coli (E. coli) 
and S. aureus [216–220]. Most of these inorganic NPs exhibit bacteri
cidal properties either through photocatalytic activity, where reactive 
oxygens species (ROS) are induced by visible or UV light to affect the cell 
viability by hindering principal mechanisms of protein and enzymes, or 
by electrostatic interaction with the bacteria cell wall, where NPs bind 
electrostatically the cell membranes causing their alteration in both 
potential and depolarization thus involving respiratory disfunction and 

eventually the cell death [221]. Several studies reported about the ef
ficacy of ZnO as antimicrobial coating for surfaces exposed to possible 
contamination of either bacteria or SARS-COV-2 [222–225]. It is well 
known that both Zn and ZnO are of particular interest as supportive 
treatment in therapy of COVID‑19 infection [226–230]. The fabrication 
of several based polymers electrospun embedded with low-cost ZnO NPs 
have been investigated and proposed for protective clothing application. 
Nanofibers made of Polyvinyl pyrrolidone (PVP) and PVA with the 
addition of ZnO NPs showed antimicrobial activity against S. aureus, E. 
coli, Klebsiella pneumonia and Streptococcus aeruginosa tested bacterial 

Fig. 7. (a) Schematic diagram of a face mask obtained by bottle recycled PET; adapted with the permission from [164]. (b) Example of nonwoven base with multiple 
EPS fiber layers for air filter; and (c) SEM image of the membrane cross-section, indicating the three different fiber sizes; adapted with the permission from [165]. (d) 
Filtration performance measure for the three-layer face mask based on PLA electrospun membranes at different relative humidity and the (e) long-term filtration 
stability test carried out, under 90% humidity; (f) weight loss measure for the for the three-layer face mask based on PLA electrospun membranes after being buried in 
outdoor soil; (g) images taken to the three-layer face mask based on PLA electrospun membranes showing the soil burial degradation within the 150 days; adapted 
with permission from [157]. (h) SEM image showing the bacteria growth on PLA surface after 20 days of treatment in cow-dung, jaggery and water containing 
biodegradation slurry; adapted with permission from [173]. Biodegradability tests performed on the CA electrospun based membranes by employing esterase and 
cellulase enzymes: (i) Polypropylene fibrous membrane used as control, given its non-susceptibility to degrade under enzymes conditions; (j) CA nanofibers tissue; (k) 
CA nanofibers tissue processed with tetrabutylammonium bromide (TBAB); and (l) CA nanofibers tissue processed with High-foaming HoneySurf (HS); adapted with 
permission from [204]. 
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strains [231]. The incorporation of ZnO NPs at 10 wt.% in the poly- L- 
lactic acid (PLLA, or polylactide) electrospun membrane was observed 
to improve the mechanical properties as well as the bacteriostatic action 
against S. aureus [232]. A noticeably enhancement of the mechanical 
strength occurs also for PVDF nanofiber loaded with 5 wt.% of ZnO NPs, 
since an elongation-at-break equal to (30 ± 2)% was observed compared 
to the pristine PVDF nanofibers, which owns (24 ± 0.5)% [233]. Cyto
toxicity test proved the nontoxicity for 5% ZnO–NPs@ PVDF nano
fibers. Besides, for these NPs loading the hybrid PVDF nanofiber exhibits 
a high antiviral activity against human adenoviruses type-5 (ADV5) in 
both the adsorption and virucidal mechanisms; therefore, the fabric has 
shown to easily prevent both the entry and the replication of the virus in 
the cells. An activity increase against colistin resistant bacteria, such as 
K. pneumoniae strain 10, has been observed for thermoplastic poly
urethane (TPU) nanofibers with 4% ZnO [234]. Moreover, it has been 
shown that a higher presence of ZnO on the nanofibers membrane in
volves a lower ability of the SARS-CoV-2 spike protein to engage with 
the human cell receptor (ACE2). Therefore, the concentration of the 
metal oxide in the TPU nanofibers resulted to be crucial to inactivate the 
virus. Abdul Salam et al. [235] have investigated both the antibacterial 
and antiviral properties of hybrid PAN nanofibers with 5 wt.% ZnO as 
function of the HeiQ Viroblock (VB) concentration. They observed that 
the higher the amount of VB in the PAN/ZnO electrospun the higher is 
the antibacterial efficiency of the hybrid membrane against both 
S. aureus and Pseudomonas aeruginosa, with efficiency values equal to 

92.59% and 88.64% respectively. Besides, the PAN/ZnO sample loaded 
with the maximum concentration of VB (5%) showed a significant 
antiviral activity against avian influenza virus compared to the pristine 
PAN sample. The antiviral mechanism behind the VB technology has 
been attributed to the combined action of the vesicle component and the 
inside silver ions. Indeed, the cosmetic grade liposomes forming the 
vesicle are expected to weaken the envelope membrane of the influenza 
thus allowing the silver ions to directly attack the inner core to destroy 
the virus (Fig. 8 a). 

From the Transmission Electron Microscope (TEM) analysis per
formed on the PAN/ZnO samples fabricated at different concentration of 
VB is possible to observe the distribution of ZnO NPs on the nanofiber 
surface as well as the roughness of the single fiber due to the presence of 
VB (Fig. 8 b–e). As can be seen in Fig. 8 d, the surface of the nanofibers 
become more rougher by increasing the VB doping concentration in the 
electrospun solution, thus indicating that a greater amount of this 
viscous liquid being evenly deposited on the nanofiber matrix. These 
studies revealed that the presence on the fiber surface of ZnO NPs alone 
or with other active materials can be effective in preventing the spread 
of bacteria and viruses on the electrospun membranes. Their application 
as filters would allow to address the issues of bacteria proliferation 
observed in commercial face mask after prolonged use by removing 
possible contamination, which can represent a health risk especially for 
severe disease cases [66,68]. It is worth noting that the morphological 
changes occurring at the fiber surface level due to the inclusion of NPs 

Fig. 8. (a) Schematic picture of antiviral activity of VB-loaded PAN/ZnO electrospun nanofibers; TEM analysis of VB-loaded ZnO/PAN electrospun nanofibers: (b) 
pristine PAN nanofibers; (c) ZnO/PAN nanofibers; (d) 2.5% VB-loaded ZnO/PAN electrospun nanofibers; (e) 5% VB-loaded ZnO/PAN nanofibers; adapted with 
permission from [235]. (f) Schematic diagram modification process for of ZnO NPs by means of the reaction with silane coupling agent MPTMS; (g) comparison 
between the QF measured for PAN nanofibers obtained at 9 wt% (PZ9) and 12 wt% (PZ12) for different silane/ZnO NPs mass ratio; adapted with permission from 
[188]. (h) TEM images obtained for PASS/ZnO/sulfide electrospun membrane showing both agglomerated (left) and more uniform NPs (right) distribution on the 
fiber surface; adapted with permission from [190]. (i) Filtration curves measured for PS electrospun membranes fabricated at different Ag concentrations and tested 
at different aerosol particle size; adapted with permission from [161]. 
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materials also significantly affect the PM capture efficiency in electro
spun membranes, in addition to the antibacterial and antiviral activity. 
Hanaa Aamer et al. observed a better filtration performance for PAN 
nanofibers functionalized with ZnO NPs compared to the pristine 
membrane ones [180]. They stated that the addition of ZnO NPs induced 
an increasing in surface roughness, with consequent reduction in stream 
of PM0.3 through the membrane. In another work, they reported that a 
modification of the ZnO NPs obtained by means of the reaction with 
3-methacryloxypropyltrimethoxysilane (MPTMS) led to a more uniform 
distribution of NPs on the PAN nanofibers surface, thus resulting in a 
better capture of both pathogens and aerosols contaminants (Fig. 8 f, g) 
[188]. On the other hand, a high content of ZnO NPs in polyarylene 
sulfide sulfone (PASS) electrospun membrane previously functionalized 
with Ag was reported to induce a gradually increase in mean pore size 
[190]. The addition of 2 wt% ZnO NPs provided a maximum filtration 
performance in PASS membrane, whereas with a further increase at 3 wt 
% the structures resulted in larger pore size that exceeded PM2.5 size and 
brought to a drastic drop in particle capture efficiency. From the TEM 
image in Fig. 8 h is clear that the formation of two distinct distribution of 
NPs on the fiber surface, one more discontinuous with large and 
extended agglomerations and the other more evenly distributed, may 
explain the different overall filtration behavior occurring as conse
quences of the different contents of ZnO NPs added in the PASS mem
brane Moreover, the integration of Ag NPs proved to significantly 
increase the fibers diameter in PS electrospun membrane [161]. How
ever, the even surface roughness formed from the addition of Ag NPs 
brought to a slighter increase in particle filtration and a low decrease in 
pressure drop, thus resulting in an enhancement in performance for the 
PS membrane (Fig. 8 i). Chen et al. observed that despite the addition of 
M.bontioides and Ag-CN compound made the fiber larger, the even in
crease of the roughness occurred at the fiber surface level led to an 
enhancement of the contact with both pathogens and aerosols contam
inants thus involving a higher interception for tiny NaCl particles with 
size around 70–80 nm as well as a strong inhibitory activity against 
E. coli, S. aureus, and influenza A H3N2 [162]. The large amount of Mg, 
Ag, C, N, and O elements observed by the analysis of the SEM-EDX 
(Energy Dispersive X-ray Analysis) clearly indicated that M. bontioides 
and Ag-CN NPs were dispersed uniformly during the ES process (Fig. 9 a, 

c). 
This result was also in accordance with the TEM image in Fig. 9 b, 

which revealed the presence of heterogeneous Ag-CN NPs aggregates 
both above and inside the single nanofiber surface. As seen so far, a 
proper optimization of the ES process allows a stable and uniform dis
tribution of NPs as well as for other active materials at single fiber 
surface level. This method can be beneficial compared to other recent 
approach adopted to functionalize commercial face mask, which may 
result instead in a coating instability for the surface functionalization 
over the time with an undesired effect on antimicrobial and antiviral 
properties [236–238]. Additionally, recent studies proved that several 
NPs materials with antimicrobial and antiviral properties, including 
MgO and CuO, are compatible when embedded in electrospun mem
branes based on natural polymers, such as CA and poly(ε-caprolactone) 
(PCL) [239,240]. Because of the incorporation of MgO NPs, the 
PCL-based electrospun showed a pronounced antibacterial activity 
against both E. coli and S. aureus as well as a remarkable improvement in 
filtration efficiency against polystyrene particles of 1 μm size [239]. 
Also, the addition of CuO in CA based electrospun membrane provided 
similar result in terms of antibacterial efficacy [240]. However, only the 
addition of CUSO4 metal salts and thymol caused a drastically reduce of 
SARS-COV-2 virus, observed only after 1 h of contact with the func
tionalized CA membrane. Hence, the development of antiviral and 
antimicrobial face mask obtained from biodegradable materials could be 
also advantageous to prevent the transmission of SARS-COV-2 virus, as 
well as other potential hospital infections caused by bacteria, and to 
further reduce the impact on the environment, which is already put at 
risk due to the huge use of disposable mask. The functionalization of 
electrospun membranes by the addition of relatively nontoxic and 
low-cost NPs as well as other active compound can therefore be an 
affordable method to produce advanced electrospun membranes in view 
of large-scale production. These electrospun filters can provide desirable 
properties in terms of both particle filtration and antibacterial effec
tiveness, and significantly reduce the risk due to the handling and reuse 
of contaminated mask. 

Fig. 9. (a) Electrospun solution for the fabrication of the PAN/M.bontioides/Ag-CN/Ag nanofibrous membrane; (b) TEM image of PAN/M.bontioides/Ag-CN/Ag 
nanofiber; SEM image of the PAN/M.bontioides/Ag-CN/Ag nanofibrous membrane (c-1) and with respective EDX analysis performed for C (c-2), N (c-3), O (c-4), Ag 
(c-5), Mg (c-6); adapted with permission from [162]. 
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4.4. Electrospun nanofiber for self-powered wearable masks application 

Electrostatic nanofibers are widely utilized in air filtration applica
tion. Polymer-based nanofibers with spontaneous dipole moment or 
optimal polarity provide an efficient electrostatic surface charge, which 
promotes the capture of opposite charged particles during the process of 
air filtering [145,146,148,172,184,241,242]. Experimentally it has 
been observed that an exposition of electrostatic nanofibers to external 
electric field involves a better capture of submicron particles than un
charged nanofibers, which rely only on interception and diffusion me
chanical capture [243,244]. In addition to electrostatic induction, a 
large polarization and optimal formation of electrical charge have also 
been successfully achieved either by exposing polymers with piezo
electric property to mechanical stress [245] or through rubbing adjacent 
polymer membranes with opposite electronegativity, thus resulting in 
triboelectric effect on the interface [246]. Because of the high capacity 
to retain electrical charge, active polymer nanofibers have been used as 
triboelectric nanogenerators (TENGs) and Piezoelectric nanogenerators 
(PENGs) materials to develop energy harvesting air filters [247–250]. So 
far, several Respiration-driven TENGs (R-TENGs) designed with 
polymer-based electrospun nanofibers, including PVDF, PI, and PAN, 
have provided an effective electrostatic adsorption of submicron parti
cles by harvesting electrical energy from human breathing [251–254]. 
The triboelectrification mechanism behind a R-TENG is based mainly on 
the contact-separation mode occurring between two different materials, 
showing distinct electron affinity [255]. To explain the working prin
ciple, a schematic diagram of the R-TENG fabricated by Fu et al. with 
PVDF electrospun membrane and cellulose aerogel/MOF (CA/Ni-HITP) 
composite is reported in Fig. 10 a, b [251]. 

Because of the tight contact occurring between the two layers, 
electrostatic charges of opposite sign can be induced by tribo
electrification on the respective surfaces. This process can be seen in 
Fig. 10 b-(i), where a possible case of air exhalation during breathing can 
lead to the contact between the two materials, thus involving the gen
eration of a negative triboelectric charge on the high electronegative 
PVDF based membrane and a positive one on the CA/Ni-HITP. When the 
two layers are separated, for instance during a further air inhalation, a 
potential difference is generated due to the electrostatic induction and a 

transfer of charges occurs form PVDF to CA/Ni-HITP (Fig. 10 b-(ii)). This 
process occurs as long as the distance between them does not induce a 
neutralization of the charges, which would then result in an interruption 
of the current (Fig. 10 b-(iii)). After exhaling, the layers get closer again, 
thus inducing a positive charge on CA/Ni-HITP which balances the 
former negative triboelectric charge present on PVDF. This results in a 
reverse current, which is detected from the CA/Ni-HITP to PVDF (Fig. 10 
b-(iv)). Therefore, the air pressure exerted during a continuously 
breathing cycle led to an alternate current, which constantly can charge 
the membranes (Fig. 10 c). From a comparison of the quality factors 
obtained for CA, CA/Ni-HITP, CA/Ni- HITP+PVDF, commercial face 
mask, and R-TENG, it can be noted that due to the triboelectric effect a 
significantly enhancement in capture of PM with size ranging between 
0.3 − 1 um occurred in the self-powered filter (Fig. 10 d). An improve
ment in filtration efficiency induced by triboelectric effect have been 
reported for other self-powered electrostatic adsorption face mask based 
on electrospun as well [249,250,252–254,256]. In Table 4, a compari
son between the performances obtained for recent Piezoelectric and 
Triboelectric electrospun system is reported. 

In particular, Hao et al. recently designed a self-powered triboelec
tric filter system based on PAN nanofibers doped with poly-(tetra
fluoroethylene) PTFE nanofibrils and electroplated polyurethane (PU), 
which provided a high electrostatic adsorption of submicron particles, 
also after a prolonged use over the time [254]. Unlike the single elec
trospun filter, the PM0.5 removal efficiency measured for the 
self-powered triboelectric remained quite stable, after one month of 
continuous filtration (Fig. 11 a, c). 

Additionally, the measured pressure drop proved not to be drasti
cally affected by the addition of an extra electrospun membrane and 
resulted also to be lower in value compared to that of commercial masks, 
thus proving a considerable advantage in breathability (Fig. 11 b). 
Nevertheless, the durability test performed on several self-powered air 
system revealed that in presence of different humid environment the 
submicron particles removal efficiency decreased, due to a possible 
dissipation of triboelectric charge on the fibers surface [250–252]. In 
particular, the experimental study of Guoxu Liu et al. carried out for 
PVDF electrospun based R-TENG clearly showed that the effect of 
triboelectric charge decay, which were caused by the humid 

Fig. 10. (a) Self-powered air filter for respiratory monitoring and removal of submicron particles; (b) schematic diagram of the triboelectric effect of R-TENG; (c) 
short-circuit current and transferred charges of R-TENG before and after in situ growth of conducting metal organic- framework (Ni-HITP); (d) a comparison of PM 
removal efficiencies of commercial mask, CA, CA/Ni-HITP, CA/Ni-HITP+PVDF and self-powered air filter obtained at different submicron particle sizes; adapted with 
permission from [251]. 
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environment, mainly affected the filtration of tiny particles (Fig. 11 d, e) 
[252]. Therefore, the dissipation of triboelectric charge may result in a 
lower adsorption of either potential bacteria or virus carriers. In this 
perspective, Dong Hee Kang et al. designed a multilayer system with 
triboelectric/piezoelectric properties made of PVDF nanofibers and 
nylon mesh, which provided highly efficient charges retention for long 
period of time with optimal performance both in terms of PM0.3 sub
micron filtration and pressure drop [256] (Fig. 11 f). Under humid air 
condition, the filtration efficiency of tiny particles measured for the 
system of triple or more level filters slightly decreased compared to that 
observed in dry air condition (Fig. 11 g), pointing out that the tribo
electric charge can be preserved during breathing, without having a 
significant impact on the effectiveness of the filter. The self-powered 
membrane also showed suitable properties to be employed as a reus
able filter in face mask. In fact, the performances of the charged filter 
remained quite unaltered after ten cycles of both ethanol dipping pro
cess and further oven drying, without any sign of PM aggregated on the 
nanofibers surfaces (Fig. 11 h–j). Also, Lin et al. developed a smart 
hybrid perfluorinated electret nanofibrous membrane (HPFM) by elec
trospinning of Polytetrafluoroethylene (PTFE) and Fluorinated ethylene 
propylene (FEP), which showed high capacity in electric charge storage 
under high humidity environment [258]. The presence of an amorphous 
and crystalline surface occurring at the fiber surface level between the 
low crystallinity of FEP and the higher one of PTFE brings to a low 
mobility of the charges, which resulted therefore in a more stabilized 
charge on the fiber surface (Fig. 12 a). 

Because of the high electric charge stabilization, the face mask using 
HPFM membrane provided a stable filtration efficiency against PM0.3, 
even after 48 h of exposition to at high humidity ~ 100% RH. A 

quantitative confirmation of the high capacity in charge storage was 
given by the Surface potential curves analysis, which revealed a more 
stable and higher number of charges trapped in HPFM compared to 
those measured for single electret filters (Fig. 12 b). This result also 
agreed with the analysis carried out by the Kelvin Probe Force Micro
scopy (KPFM) that measured a high intensification in surface potential 
observed on the nanofibers for HPFM, which was ascribed to the for
mation of well-localized space charges stored at the nanoscale interface 
on the fiber surface (Fig. 12 c). Hence, these studies clearly proved that 
advanced face mask based on electret electrospun filter polymers ma
terial and TENG technology can prevent the quick dissipation of electric 
charge caused by the high amount of vapor water increasing inside the 
mask during continuous breathing and provide a suitable filtration 
performance against small aerosols particles, also after prolonged 
wearing. Furthermore, the use of Triboelectric system can address the 
loss in efficiency observed in MB based electret filters charged by corona 
caused by a prolonged contact of the MB membranes with high humidity 
[23,87]. In addition, to provide an optimal filtration efficiency for 
submicron particles, these R-TENG based electrospun can also exhibit 
good accuracy in detecting parameters, such as respiratory rate, inha
lation, and exhalation time, which are necessary to identify possible 
respiratory diseases in patients [248,251,257]. The harvest of mechan
ical energy from ambient environment by means of the TENG technol
ogy can therefore be advantageous to manufacture low-cost 
self-powered mask, especially now in the modern Internet of the Thing 
(IoT) where an incessant request of energy supply is required due to the 
large use of wearable electronic devices and monitoring sensors [255]. 
Also, several biodegradable polymers materials were found to be suit
able for the manufacturing of TENG devices. The smart face mask 

Table 4 
Piezoelectric and Triboelectric electrospun system for smart face masks application.  

Pollutants PFE Pressure drop Quality 
factor 

1Polymer materials Electrospun fiber 
size 

Application Refs.  

(%) (Pa) (Pa− 1)     
PM1.0 

PM0.5 

PM0.3 

~98.4 
~97.3 
~95 

~86 ~0.03 – 0.05 PVDF <1 μm Self-powered face mask 
(R-TENG) 

[251] 

PM0.5 

PM1.0 

PM2.5 

PM5.0 

PM10  

>86.9 ~57 
(Face velocity 10 cm 
s− 1) 

– PVDF <2 μm Self-powered face mask 
(R-TENG) 

[252] 

PM0.3 

PM0.5 

PM1.0 

PM2.5 

PM5.0 

PM10 

>90 ~10–60 – PI <1 μm Self-powered face mask (R-TENG) [253] 

PM0.3 

PM5.0  

~99 ~797 >0.005 PVDF/PAN ~572/244 nm Monitoring self-powered face mask (RM- 
TENG) 

[257] 

PM0.5 

PM2.5  

~91.5 
~98 

~98 – PAN doped with PTFE and 
electroplated 
PU sponge 

~150–200 nm Self-Powered Filter for Respirator device [254] 

PM0.3  ~99.5 ~200 
(Face velocity 18.6 
cm s− 1) 

~0.019 PVDF on nylon mesh ~260 nm Self-charging triboelectric/piezoelectric 
face mask filter 

[256] 

PM0.3  ~99.7 ~38 ~0.154 PEO ~764 nm Monitoring self-powered filter for face mask [258] 

PM1.0 

PM2.5  

>91 
>99 

91 
(Face velocity 5.83 
cm s− 1) 

~0.02–0.05 PLLA – Self-charging piezoelectric face mask filter [259] 

PM1.0 

PM2.5 

PM10 

~100 ~65 
(Face velocity 0.1 m 
s− 1) 

– EC with PTFE spheres ~400 nm Triboelectric PM capture filter [249] 

PM0.3 ~98 ~40 ~0.094 PBAT@CTAB-MMT ~300 nm Self-powered filter for face mask [260]  

1 Polymers materials abbrevations: PVDF (Polyvinylidene fluoride); PI (Polymide); PAN (Polyacrylonitrile); PTFE (polytetrafluoroethylene); PU (polyurethane); 
PEO (polyethylene oxide); PLLA (poly(l-lactic acid)); EC (Ethylcellulose); PBAT (polybutylene adipate terephthalate); CTAB (cetyltrimethylammonium bromide); 
MMT (montmorillonite). 
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designed by Yujang Cho et al. based on biodegradable polybutylene 
adipate terephthalate (PBAT) electrospun filter, functionalized with 
ecofriendly nanoclay mineral montmorillonite (MMT), and cetyl
trimethylammonium bromide (CTAB) surfactant, provided higher 
filtration performance for PM0.3, compared to commercial face mask 
[260] (Fig. 12 d). After 10 cycles of repetitive charging and discharging 
step by mechanical compression and release, the performance remained 
unaltered, thus indicating a continuous generation of triboelectric 
charges during the entire friction test. Besides, because of the incorpo
ration of CTAB-MMT, the functionalized membrane showed high anti
viral activity against influenza and Human coronavirus (Fig. 12 e). Also, 
new type of medical self-powered mask based on PVA and PLLA 
biodegradable polymers provided high charge retention as well as better 
optimal self-charging performance, under high relative humidity [259, 
261]. After water exposure, the self-charging piezoelectric nanofiber 
membrane based on biodegradable PLLA designed by Le et al. showed a 
limited loss in both PM2.5 and PM1.0 removal compared to both surgical 
and N95 masks [259]. Furthermore, the electric filter performance 
remained stable after post annealing treatment for a period of eight 
weeks, thus showing long durability for prolonged use. Moreover, an 
antibacterial activity against both S. aureus and P. aeruginosa has been 
observed by exposing the piezoelectric membrane to 90 min of ultra
sound sonication (Fig. 12 f, g). After sterilization procedure, the residual 

contaminant that adhered the fibers surface were easily removed by 
means of water immersion and further air blowing, thus making it 
reusable. It is important to note that these biodegradable TENG showed 
comparable and in some cases higher QF values to those reported for 
other inorganic polymer based devices (Table 4) as well as a better 
biodegradation rate when they are either buried in composting soil or 
exposed to optimal degradation condition [259,260]. In view of their 
importance for innovative biomedical application, many of these 
biodegradable polymers are available on the market nowadays and can 
be easily dissolved into solution to be used for scalable manufacturing 
process [128,262,263]. These current studies revealed that high per
formance in particle filtration, self-charging, and charge retention can 
be achieved by implementing both synthetic and biodegradable 
polymers-based electrospun membranes. In particular, the manufacture 
of biodegradable based TENG represent a new design of self-powered air 
filter device that can meet the emerging demand of electrical energy and 
promote a more sustainable green circular economy. 

4.5. Reusable filter material under visible light 

The importance of disinfecting the disposable surgical facemasks for 
reuse has become, from the start of the pandemic, an essential issue to 
overcome the negative impacts on the environment due to the plastic 

Fig. 11. (a) A comparison between the filtration efficiency obtained for the self-powered triboelectric filter based on PAN/PTFE/PU and that of PAN electrospun 
nanofibers (NFs), before and after one month of continuous filtration; (b) pressure drop measured for the for different materials, including the self-powered 
triboelectric filter, NFs, PTFE conductive sponges (CS), and commercial mask; (c) picture taken to a small piece of the STAF system; adapted with permission 
from [254]. Durability removal efficiency test performed on PVDF electrospun based R-TENG in different external humidities and for particle sizes lower than 1.0 μm 
(d) and ranging between (e) 1.0 and 2.5 μm; adapted with permission from [252]. (f) Filtration efficiency and pressure drop variation of a quintuple-layer of 
PVDF/nylon system filter after 10 days; (g) durability filtration efficiency test of the multilayer PVDF/Nylon system after continuous dry or humid air penetration for 
0.5 h at different PM sizes; optical microscope and SEM images of PVDF/nylon-based nanofiber multilayers before (h, h-1) and after filtration (i, i-1); and regen
eration (j, j-1) by means of oven drying due to ethanol dipping treatment; adapted with permission from [256]. 
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waste as well as to avoid further contamination from bacteria or virus 
which have been left on the mask [264,265]. Despite some strategies 
have been studied to sanitize a contaminated mask, the sterilization 
processes can negatively affect the particle filtration performance thus 
making the device ineffective to further use [266,267]. Recent advances 
in environmental-friendly mask development focused on the use of 
either photocatalytic or photothermal material to deactivate, after an 
exposition to light sources, bacteria and viruses extending the lifetime 
quality of face masks and making them reusable. In this perspective, Li 
et al. designed a reusable, biodegradable, and antibacterial electrospun 
membrane based on PVA, PEO, and cellulose nanofiber containing 
photocatalytic materials [163]. Since the limitation in absorbance of 
TiO2 in the UV range, the membrane has been functionalized also with 
nitrogen-doped TiO2 (N-TiO2) to enhance the photocatalysis under 
visible light irradiation (Fig. 13 a). 

The irradiation of photocatalyst materials such as TiO2 with light of 
energy equal or greater than its band gap, observed to be around ~ 3.06 
eV, can promote the excitation of electrons from the valence band (VB) 
to the conductive band (CB), thus resulting in the formation of excited 
electron-hole pairs [268]. The interaction between excited electro
n–hole pairs and ambient air molecules through oxidation and reduction 
process induce the generation of ROS, such as hydroxyl (•OH) and su
peroxide anion (O2

− ) radicals, and hydrogen peroxide (H2O2), which 
during photocatalytic process can damage the walls and the membranes 
of cells, protein, RNA, DNA, bacteria, and virus [269]. By doping the 
TiO2 NPs with nitrogen, the energy band gap of the TiO2 NPs was 
observed to decrease at 2.77 eV, thus resulting in a shift in the absorp
tion spectrum to longer wavelengths (Fig. 13 b). Because of the extended 
adsorption of light in both the UV and near visible region, the count of 
the bacteria survived by the N-TiO2 mask were significantly lower 
compared to that measured for N-TiO2 mask (Fig. 13 c). An exposition of 

the face mask with TiO2 (N-TiO2) NPs mixture to only 10 min of light 
was sufficient to obtain a complete bacteria disinfection efficiency 
(100% bactericidal activity), in both E. Coli and S. aureus (Fig. 13 d, e). 
Moreover, the antibacterial activity remained stable after three sterili
zation cycles, without any significant decrease in filtration efficiency. 
Notably, the generation of ROS induced by visible-UV light involved a 
complete inactivation of bacteria on the functionalized membrane. In 
contrast, most bacteria remained alive on the same membrane in 
absence of light exposition, due to the limited antibacterial efficiency 
caused by the electrostatic interaction between the active TiO2 (N-TiO2) 
NPs mixture with the negatively charged bacteria. Li et al. used an 
organic photosensitizer (TTVB) in Poly (vinylidene fluoride-co-hexa
fluoropropylene) (PVDF-H) polymer-based electrospun membrane to 
enhance the generation of ROS under light irradiation (Fig. 13 f) [154]. 
From a comparison between the fluorescence emission intensities 
measured at 525 nm for the functionalized membrane and the pristine 
one, it was noted that the presence of TTVB led to a high generation of 
ROS for longer exposition time to light source (Fig. 13 g). In addition to 
optimal filtration performance against NaCl particle (≤ 0.3 um), the 
membrane functionalized with TTVB showed a high inactivation rate of 
a least ~99% against several pathogens, including S. aureus, E. coli, and 
M13 bacteriophage vector, after only 5 min of visible light exposition 
(Fig. 13 h). Also, the effect of ROS in viral decontamination for face 
masks has been investigated by Shen et al., that recently designed a 
photosensitized electrospun nanofibrous membrane with good filtration 
performances in capturing and rapidly deactivating coronavirus strain 
surrogates, under visible light radiation (Fig. 14 a) [170]. In their pre
vious study they evaluated the filtration efficiency of PVDF electrospun 
nanofibers by testing the Murine hepatitis virus A59 (MHV-A59) as 
coronavirus strain aerosols, because of their similarity in size and 
structure with SARS-CoV-2 (size ~85 nm) [19]. The high dominant 

Fig. 12. (a) A picture for the charge-trapping mechanism of HPFM electrospun membrane; (b) surface potential variation as function of time obtained for the HPFM 
system, FEP electret nanofibrous membrane, and PTFE electret nanofibrous membrane; (c) thermally stimulating discharge current spectra (left) and corresponding 
KPFM images measured for the nanofibers of FFM, PFM, and HPFM (right); adapted with permission from [258]. (d) Filter efficiency evaluation obtained or the 
PBAT/CTAB/MMT and PBAT triboelectric membranes; (e) a comparison between the Inactivation rates of both influenza virus (left) and Coronavirus (right) obtained 
for PBAT/CTAB, PBAT, and PBAT/CTAB/MMT; adapted with permission from [260]. (f) A picture of a face mask made of electrospun piezoelectric PLLA nanofibers 
showing SEM images for the combined effect in PM capturing due to mechanical sieving and piezoelectrically enhanced electrostatic adsorption; (g) decontamination 
of the PLLA air filter from P. aeruginosa (gram-negative) and S. aureus (gram-positive) bacteria via ultrasound stimulation; adapted with permission from [259]. 
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capture of both airborne corona virus and submicron aerosol particles 
observed for PVDF-based electrospun membranes indicated that elec
trospun filter with lower fiber diameter and smaller pore size provided a 
better prevention for the transmission of COVID, compared to com
mercial filter of larger fiber size. 

Besides the observed high retention of MHV-A59 aerosols, the 
addition of a photoreactive dye additive, the Rose Bengal (RB) one, to 
the PVDF based electrospun nanofiber membrane allowed the produc
tion of highly reactive singlet oxygen (1O2) that inactivated the 97.1% of 
the MHV-A59 coronavirus droplets, after a short exposition time to 
visible light of ~ 15 min (Fig. 14 b). To compromise the viability, also 
the ORF5 gene copy number of MHV-A59 was drastically reduced from 
the generation of ROS during photosensitization, in both droplet and 
aerosol test with surrogate coronavirus. Moreover, after 4 days of light 
exposition in outdoor a significant decrease in both corona virus inac
tivation and generation of 1O2 have been observed for the PVDF-RB 
membranes (Fig. 14 c). In contrast, a longer exposition under indoor 
light of 7 days did not compromise the photoreactivity of the function
alized membrane, which maintained a significant performance in both 
filtration and inactivation of coronavirus. These studies showed that the 
implementation of photocatalytic inorganic and organic compound in 
electrospun polymer membranes can be an easy solution to involve a 
proper sterilization process, under visible light source, by means of the 
generation of ROS. Moreover, the manufacturing cost for these photo
catalytic membranes are economic and easily available on commercial 
scale [270], and the highly efficient catalyst obtained from low energy 
irradiation under visible light makes use of functionalized membranes 
energetically safer as well as easily implemented, compared to other 
methods commonly used for pathogens removal [271,268]. The use of 
photothermal nanomaterials, including graphene, carbon nanotubes 

(CNTs), and other metal NPs, have been also considered for the manu
facture of sunlight self-sterilization face mask [272]. Under exposition to 
sunlight source, these nanocomposites can absorb light energy and 
convert it in heat to provoke a significant increase of the local temper
ature, which may result in a thermal denaturation of cells, bacteria, and 
viruses [273]. Xiong et al. designed a novel needleless 
ES/spraying-netting technology to fabricate a hierarchical system based 
on CNTs network welded on PAN nanofiber (NF) layer with good 
filtration performances, both photothermal and electrothermal 
self-sterilization, and recycling performance [182] (Fig. 15 a). 

The configurations obtained for the NF/CNT filter showed high ef
ficiency in PM0.3 removal (~ 99.9%) with low pressure drop (~ 49 Pa). 
Since the small micron scale pores and multi-scale structure enhance the 
photon absorption in the full wave band between (500–2500) nm, the 
NF/CNT filter showed a fast photothermal response (T > 70 ◦C within 5 s 
of sunlight exposition) that involves an excellent antibacterial activity 
against E. Coli (> 99.8%) only after a sun exposure time of three minutes 
(Fig. 15 b–d). The authors stated that since the COVID-19 can be deac
tivated within few minutes of heat treatment higher than or equal to 
65 ◦C [274], the high equilibrium temperature of NF/CNTs (T > 60 ◦C 
after 0.5 sun) would allow to kill the virus after 15 min of sun exposition. 
A faster high-temperature response with better antibacterial perfor
mance (> 99.9%) has been obtained by providing an electrical current of 
61 mA for two minutes (Fig. 15 e, f). The photothermal response showed 
to be comparable or higher with those observed for other self-sterilizing 
face masks, recently designed with different sunlight-responsive mate
rials [275–277]. However, due to the small average pore size and small 
fiber diameter the multi scale nanoarchitecture of NF/CNTs provided 
better performance in both filtration and pressure drop, especially after 
50 wetting-drying cycles, thus suggesting its potentiality as a reusable 

Fig. 13. (a) Schematic diagram that represents how N-TiO2 embedded in face masks can sterilize bacteria under light irradiation; (b) UV− vis spectra obtained for 
TiO2 and N-TiO2; (c) photo images of plate incubation for E. coli and S. aureus after washing the mounted bacteria on masks with and without light irradiation; (d) 
CFU count and percentage of survival bacteria (e) for the respective plates; adapted with permission from [163]. (f) Schematic illustration of the preparation of PVDF 
electrospun fibers functionalized with TTVB for microbe interception and further inactivation under sunlight exposition; (g) comparison between the fluorescence 
intensity obtained for the PVDF/TTVB electrospun membrane and that without dopant (NM); (h) a comparison between the survival rate for several bacteria obtained 
for both PVDF/TTVB and NM under 5 min of light exposition and dark condition; adapted with permission from [154]. 
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filter to reduce disease spread and consumption of resources (Fig. 15 g). 
Moreover, due to the large-area deposition and to the structural stability 
of the CNT network on scaffold polymer nanofibers, the needleless 
electrospinning coupled with spraying-netting has proven to be an easy 
and accessible technique to produce self-sterilizing filter membranes on 
large scale. These studies clearly show that electrospun membranes 
functionalized with either photocatalytic or photothermal nano
materials can be advantageous to produce low-cost high-filtering per
formance face masks with suitable self-sterilization properties. The fast 
sterilization response obtained under low exposition time in visible 
light/sunlight would allow to overcome the drawback of efficiency 
degradation observed in commercial face masks, caused by a long 
time-exposure to conventional heating and UV-C radiation disinfection 
methods [193,278–280]. Furthermore, the easy decomposition of 
biopolymer self-sterilizing face masks in water and soil may be a new 
promising line of research to substitute nonrenewable synthetic poly
mers and relieve the plastic waste pollution at the landfills [163]. 

5. Future perspectives for sustainability of membrane 
technology 

The demand for green chemistry is increasing, due to the growing 
awareness on the negative environment and health impacts associated 
with traditional industrial processes, and special attention has been 
given to electrospun nanofibers membranes, since their wide-spread 
applications in biomaterial industry and scale-up in commercial pro
duction of filtering layers in face masks [281,282]. The electrospinning 
solutions often involve the use of halogenated compounds, such as 1,1,1, 
3,3,3- hexafluoro-2-propanol (HFIP), tetrahydrofuran (TFH), N,Ndi
methyl- formamide (DMF), 1-methyl-2-pyrrolidinone (NMP),and dime
thylacetamide (DMAC), because of their high solvation power for 
hydrophobic polymers and low boiling points which ensure a proper 
viscosity of the commonly used high molecular weight polymers, 
necessary properties for the ES process to convert the solution into fibers 
[283]. However, the most used solvents in the ES process, as well as for 
other methods adopted in the ultrafiltration membranes manufacturing 
processes, are toxic and their usage has been recently restricted by the 

Fig. 14. (a) (top panel) Photos of PVDF15 (15 wt% of PVDF), PVDF15- RB, and SEM image of PVDF15- RB nanofibrous membrane; (below) NaCl, MHV-A59 aerosol 
filtration efficiency, and pressure drop observed for RB-sensitized electrospun membranes with different PVDF concentrations (PVDFx-RB); (b) kinetics of MHV-A59 
infectivity decay obtained in both droplets and aerosol test; the Nt/N0 ratio represents the ORF5 gene copy numbers, which is measured by the ICC-RT-qPCR, about 
infectivity, or RT-qPCR, about gene damage, during a light exposition time given by t to that obtained at the initial instant of zero. (c) Optical photos and SEM images 
(top panels) of PVDF15-RB membranes obtained after different aging test: indoor fluorescent light in laboratory (PVDF-RB-I) and simulated indoor light (PVDF-RB-IS) 
up to seven days of light exposition; and outdoor light (PVDF-RB-O) exposition up to four days. Scale bars in the SEM images are 5 μm; (below) first-order decay rate 
constants of MHV-A59 infectivity in droplets test and related 1O2 formation on pristine and light simulated exposed PVDF15-RB membranes. adapted with permission 
from [170]. 
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Chemical Control Regulation in the European Union (REACH) [119, 
282]. A strategy to improve the sustainability of the ultrafiltration 
membranes manufacturing process would consist in using 
greener/low-toxicity solvents from renewable resources. To date, bio
based nontoxic solvents have been attracting attention due to their 
decreased impacts on human health and environment [119,284]. The 
Hansen solubility parameters (HSP) calculated for these green solvents 
reveal a high polymer-solvent compatibility with the typical polymers 
employed for membrane applications, thus suggesting feasibility for 
these non-hazardous solvents in the fabrication process [119,284]. In 
literature, some studies reported first steps in eco-friendly alternative ES 
employed to spin common polymers for membranes manufacturing 
[285,286]. Green solvents based nanofibrous membranes have been also 
electrospun to be used as breathable and comfortable materials for 
application of protective clothing or as an additional protective layer 
within existing cartridges as well as in fluid filtration and separation of 
nanomaterials [185,287–289,186,183]. In particular, the applicability 
of water as a green solvent for environmental-friendly membrane pro
cessing has been recently investigated for several polymer materials 
[119]. Since it has good cost-effectiveness and environmental compat
ibility, the fabrication of environmental electrospun membranes based 
on water-soluble and biodegradable PVA polymer has been recently 
considered to replace non-degradable materials and toxic solvent in 
different biomedical application, including drug delivery and tissue 
engineering [120,290]. However, the mechanical properties of pristine 
PVA membrane are poor, and the filtration performance in the long run 
may be affected by possible breakage of nanofibers. In this perspective, 
Cui et al. observed that the addition of Tannic Acid (TA) to water-soluble 
precursor solution provides better mechanical properties to the 

membrane compared with that observed for pristine PVA [177] (Fig. 16 
a). 

A similar result was also found in a previous work by adding ligno
sulfonate (LS) to PVA electrospinning solution [178]. The PVA-TA 
nanofiber showed high filtration efficiency against PM1.0 (~ 99.5%) 
with pressure drop about 35 Pa. In comparison with medical surgical 
face masks, the fiber interception mechanism of PVA-TA filter proved to 
be unaltered showing an excellent fine particle filtration after twenty 
consecutive tests performed (Fig. 16 b, c). Furthermore, PVA nanofibers 
prepared with water-soluble chitosan (WS-CS) by means of needleless ES 
showed a small average pore size ranging between 12.06 and 22.48 nm 
and provided antibacterial activity against S. aureus as well as high 
filtration efficiency in removal PM2.5 (~ 93.1 - 97%), with optimal 
pressure drop (~ 41 – 44 Pa) [167] (Table 3). In another work, it has 
been observed that the addition of TiO2 nanotubes to the water pre
cursor solution of CS/PVA provided high mechanical strength to nano
fibers product thus showing less tendency to degrade over time. 
Moreover, under dark conditions the CS/PVA/TiO2 membrane showed a 
bacterial inhibition growth of ~ 44.8%, higher than that observed for 
the control sample [291]. Also, the addition of Ag NPs has shown to 
enhance proper depletion of both S. aureus and E. coli on PVA-water 
based electrospun [166]. Therefore, the addition of active compound 
proved to be beneficial to address the poor mechanical properties issue 
in water soluble PVA membrane and enhance its antibacterial effec
tiveness. Furthermore, morphological changes occurring at the fiber 
surface level due to the inclusion of active materials in blend solution ES 
have been observed to significantly improve the removal of PM for the 
electrospun membranes, as well. In a recent study, Deng et al. reported 
that the addition of Sodium sulphobutylether-β-cyclodextrin (SBE-βCD) 

Fig. 15. (a) Schematics of self-sterilization of NF/CNT fibrous due to electrothermal; (b) IR images recording the temperature changes of carbon fiber layer (ACF), 
melt-blown fabric layer (MBF), and NF/CNT fibrous masks; (c) equilibrium temperatures of the NF/ CNT fibrous network under different simulated solar; (d) 
sterilization performance of ACF, MBF, and NF/CNT fibrous network masks under 1 sun; (e) photographs of the distributions of E. coli colonies on nutrient agar solid 
plates when applied small currents for 2 min; (f) sterilization performance of the electrothermal NF/CNT filter under different applied currents for 2 min; (g) filtration 
performance, pressure drop, and quality factor of the NF/CNT filter after repeating wetting-drying process; adapted with permission from [182]. 
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in PVA ultrapure water solution resulted in the formation of 
curved-ribbon fibers, with high mechanical properties as well as better 
filtration performance compared to pristine PVA membrane [168]. 
Compared to the stick-like fibers obtained by conventional ES, the green 
electrospun fibers provided a more efficient interceptor mechanism 
capture for PM1.0 around 99.12% due to the combination of morpho
logical interception and electrostatic mechanisms as well as a higher 
tensile strength and strain, which can be ideal to stabilize the breathable 
filter under external air stress (Fig. 16 d–f). Furthermore, after 20 
cycling filtrations test the filter maintained both filtration stability 
against PM1.0 and proper pressure drop of 59.5 Pa, thus making it 
reusable for most applications (Fig. 16 g). A similar result has been re
ported also in the work carried out by Hu et al., where a higher capture 
of PM0.3 was observed for zein based electrospun membranes with flat 
ribbon structure, obtained by ethanol/ deionized water mixture solvent 
[185] (Fig. 17 a). 

The simulated 3D structure model also confirmed that a larger con
tact surface in flat zein fibers leads to an improvement in filtration, due 
to a higher interaction occurring between the pollutant particles and the 
numerous functional groups owing to zein protein (Fig. 17 c). Notably, 
both the filtration and the pressure drop were observed to remain stable, 
also when varying the relative humidity in the range between 20% and 
80% (Fig. 17 b). Furthermore, the face mask based on zein filter 
completely degraded after 42 h under cellulase enzyme, thus proving to 
be biodegradable and environmental-friendly (Fig. 17 d, e). These 
studies clearly showed that nanofibers based on biopolymers and nat
ural materials can be easily dissolved in greener solvents and being 
optimized by means of ES to address the lack of mechanical properties 
and to improve filtration performance for submicron particles. Such 

customizability makes the green ES methods commercially attractive to 
produce eco-friendly face mask, since it would relieve the high con
sumption of non-renewable plastic resources and that of hazardous 
solvents in large-scale commercial production. 

5.1. Electrospun nanofibers in bio-textiles for potential biomedical 
application 

Due to the high versatility in producing a wide range of continuous 
polymer based nanofibers, ES has attracted much interest in recent years 
as a potential solution for the development and the design of textile- 
based scaffold for tissue engineering [30,31,35]. Scaffold in tissue en
gineering is used to mimic the extracellular matrix (ECM) of the native 
tissue. To restore the functionality of the damaged tissues, ECM provide 
biochemical and physical cues by enabling cellular physiological activ
ities and diffusion of vital cells as well as promoting cell adhesion, 
morphogenesis, and migration on the tissue structure [292]. Since the 
structural similarities between the electrospun nanofibers and the 
complex network forming native tissues, different electrospun based 
scaffolds have been fabricated to reproduce both the morphological and 
biochemical characteristic of ECM for cardiac, nerve, muscle, tendons, 
and connective tissue regeneration [293]. The combination of several 
natural and synthetic polymers by means of Coaxial ES have been found 
to be a useful approach to tailor and customize the biochemical and 
physical properties of electrospun based scaffold for the specific 
requirement of medical implants [294]. Natural biomaterials, including 
collagen, chitosan, and gelatin, provided suitable biocompatibility to the 
electrospun mats, but showed disadvantages in bio mechanical proper
ties. On the other hand, the addition of synthetic biopolymers, such as 

Fig. 16. (a) Schematic diagram showing the preparation of PVA-TA nanofiber membrane; (b) a comparison between PVA-TA, surgical and dust masks on filtration 
efficiency, pressure drop, and quality factor properties; (c) PM1.0 capture of the PVA-TA masks after 20 consecutive filtration tests; adapted with permission from 
[177]. (d) Schematic illustration of conventional stick-like nanofiber and (e) curved-ribbon nanofiber based on green ES for eco-friendly breathable and 
high-performance air filtration; fiber diameter distribution of (d-1) pristine PVA and (e-2) 100%SBE-βCD/PVA; (f) Quality factor of nanofiber membranes for PM1.0 
under 5.3 cm s− 1; (g) cycling filtration performance of re-assembled curved-ribbon mask and common medical mask for removing PM1.0 and PM2.5; adapted with 
permission from [168]. 
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Fig. 17. (a) Schematic diagram showing the fabrication of the zein electrospun filter on cellulose membrane; (b) the filtration and pressure drop performance 
stability under different humidity conditions; (c) the model depicted shows (i) Stick-like zein and (ii) flat ribbon-like zein mat; (iii, iv) filtering simulation calculated 
from the two different fiber structures, respectively; (v, vi) pressure field simulations for the two distinct model, respectively; (d) images of the Biodegradability test 
for the zein based electrospun filter under enzymatic degradation in time, and (e) the measure of the related weight loss; adapted with permission from [185]. 

Fig. 18. (a) A schematic illustration of the modified ES system for the fabrication of PLLA NYs with and without the hot drawing process; (b) SEM images obtained 
for the PLLA NYs without hot drawing process (0X PLLA NYs), and three thermally drawn PLLA NYs processed with several stretching degrees, i.e., 1X PLLA NYs, 2X 
PLLA NYs and 3X PLLA NYs. Scale bars: 100 μm for top panel and 2.5 μm for down panel; (c) images of immunofluorescent staining taken of hADMSCs present on the 
0X PPLA NYs, 1X PPLA NYs and 3X PPLA NYs after 14 days of culture. Tenomodulin (TNMD), antibody to collagen type I (COL1), and nuclei were marked with green, 
red, and blue, respectively. Scale bars are equal to 50 μm. (d); the qPCR analysis obtained for five tendon-specific gene markers such as SCX, TNC, COL1, COL3 and 
TNMD for hADMSCs cultured after 24 days on the 0X PPLA NYs, 1X PPLA NYs and 3X PPLA NYs; (e) photograph and SEM images of braids fabricated with 12 
electrospun based PLLA NYs, named as 4 × 3 braids. Scale bars: 0.5 mm for left image and 100 μm for right one; adapted with permission from [297]. 
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PVA, PLLA, PCL, ensured a better structural stability to natural/
synthetic based scaffold, thus satisfying requirement for ECM in tissue 
engineering [295]. However, due to random orientation of conventional 
nanofibers, the electrospun based scaffold cannot correctly mimic the 
oriented features of native ECMs, such as nerve, and tendons, thus 
limiting cells migration and its large application to tissue engineering. In 
comparison, scaffold based on more aligned nanofibers proved to be 
more efficient to guide and accelerate both the differentiation and 
infiltration of in vitro cell tissue regeneration, but due to the poor me
chanical properties and the low thickness they resulted in insufficient 
structural support for some native tissue [293,296]. The assembling of 
electrospun nanofibers into ordered textile nanoyarns (NYs) has been 
found to be advantageous to overcome the poor mechanical properties 
of electrospun mats and involve a better bioactivity properties in scaf
fold by promoting cell proliferation, migration, and differentiation in 
vivo microenvironment [30,31]. In particular, the modified conjugated 
ES technique designed by Wu et al. proved to be an innovative method 
for the fabrication of aligned polymer based NYs with suitable me
chanical strength and high biocompatibility [297]. A schematic picture 
of the modified electrospinning system is reported in Fig. 18 a, to 
illustrate the generation of PLLA based NYs. 

The polymer jets of opposite charge are electrospun by two needles, 
located opposite to each other, and collected between a steady neutral 
hollow metal rod (NHMR) and a rotating neutral metal disk (NMD) to be 
subsequently bundled in NYs by means of a hot drawing cabinet. The 
single PLLA based NYs obtained with hot drawing process showed a 
higher alignment degree, a higher strength, and a higher Young’s 
modulus compared to that obtained without hot stretching treatment, 
thus indicating a better mechanical property (Fig. 18 b). Furthermore, 
CCK assays carried out on hot stretched PLLA based NYs also showed a 
high proliferation of human Adipose Derived Mesenchymal Stem Cells 
(hADMSCs). This result was in accordance with the images of immu
nofluorescences for phalloidin and DAPI double staining that revealed a 
significantly elongation and alignment for cytoskeletal protein and 
nuclei of the cells, respectively, thus suggesting that aligned nanofibers 
in NYs with hot drawing process can induce a better cell attachment and 
proliferation enhancement. Indeed, both protein secretion and forma
tion of nuclei along yarn longitudinal direction of aligned PPLA NYs 
have been observed in the immunofluorescences analysis carried out for 
tenogenic differentiation of hADMSCs (Fig. 18 c). The quantitative PCR 
(qPCR) analysis also revealed a high relative expression for tendon- 
specific gene markers, including SCX, TNC, COL1, COL3 on hot 
stretched PLLA based NYs, thus indicating that high alignment of 
nanofibers in PLLA based NYs can be beneficial to tenogenic differen
tiation of hADMSCs (Fig. 18 d). Importantly, NYs can be furthermore 
braided by means of traditional textile engineering methods, such as 
weaving, knitting, and braiding to manufacture different woven fabric 
nanotextiles with controlled structures and shapes, which are able to 
meet the requirements for the different tissue engineering applications 
(Fig. 18 e) [30]. Woven textiles interlaced with silk fibroin (SF)/PLLA 
based NYs by means of weaving method proved to be beneficial to drive 
the growth activity of HADMSCs [298]. From a comparison between the 
SEM images and the quantitative MTT analysis performed on scaffolds 
interlaced with SF/PLLA NYs at different mass ratio, it was noted that 
the higher the presence of bioactive SF, the higher the proliferation 
capacity of the HADMSCs. Moreover, after in vivo subcutaneous im
plantation of SF/PLLA NYs based scaffolds, the low immunofluorescence 
staining intensity of CD68 protein, a general marker for macrophages, 
which was measured in presence of high amount of SF indicated a 
drastically reduction of the inflammatory response, thus suggesting that 
SF/PLLA NYs based woven fabrics can effectively induce cellular infil
tration and tissue regeneration. 

A similar result has been observed also in the recent work of Ye Qi 
et al., where the low number of macrophages obtained by the measure of 
the immunofluorescence staining intensity of CD68 protein for woven 
textiles interlaced with aligned SF/PCL based NYs was clearly attributed 

to the presence of SF in the NYs units forming the scaffold [299]. 
Therefore, NYs based woven fabrics can maintain the characteristic 
properties given from the original NYs, including mechanical, biocom
patibility, and biostability properties, and can be adjusted in several 
shape and structure, to satisfy the several request for medical implan
tation (Fig. 19 a). Moreover, recent scaffold based NYs functionalized 
with active nanomaterials showed excellent biocompatibility and 
demonstrated to be appropriate to manufacture nerve guidance conduit 
(NGC) for the repair of injured nerves [31]. Zhang et al. designed an 
innovative PCL based NYs functionalized by means of PCL microparti
cles embedded with bioactive nerve growth factor (NFG), which was 
able to promote both topological and biochemical signals for the 
manipulation of axon growth cells [300]. Compared to aligned PCL 
based NYs, the inclusion of PCL microparticles was observed to effec
tively promote the axon growth for PC12 and SH-SY5Y cells. Addition
ally, the load of bioactive NFG in the core of PCL microparticles induced 
a longer migration distance of neural stem cells on the NYs environment, 
thus proving that such combination promotes both a better axonal 
extension and a subsequently migration of the stem cells (Fig. 19 b–e). 
Also, a multifunctional tube-filling material fabricated with aligned NYs 
based on poly(p-dioxanone) (PPDO) biopolymer and different concen
trations CNTs has been designed to improve the performances of the 
NGCs in the repair of long-gap peripheral nerve (PN) injuries [301]. The 
addition of CNTs at 5% in PPDO based NYs proved to support both 
elongation and alignment for hADMSCs as well as to enhance both 
electrical conductivity and mechanical properties. Besides, under the 
combination of both electrical stimulation and chemical induction the 
expressions of the myelination-associated proteins and other genes 
markers for hADMSCs measured by means of QRT-PCR analysis were 
higher in the conductive functionalized PPDO based NYs compared to 
those observed in growth medium (GM), thus indicating a significant 
improvement in the differentiation of hADMSCs into myelinating 
Schwann cell-like cells (Fig. 19 f, g). Hence, these results demonstrated 
that the development of electrospun NYs functionalized with active 
materials can be determinant to promote the neuronal differentiation of 
stem cells. Furthermore, the addition of natural and synthetic bio
polymers in electrospun based NYs allows to adjust the biodegradability 
rate, thus making the production of nanotextile woven fabric more 
suitable for the fabrication of bio textiles implants [297,298]. In addi
tion, the high fracture strength and tensile elongation provided by 
nanotextiles woven fabric plays an important role in the production of 
flexible and smart textile for healthcare wearable applications [30,302]. 
Recent electrospun nanofibers prepared by using polypyrrole (PPy) and 
covered with PAN-KCZ/ZnO nanofibers were twisted to prepare com
posite NYs with both photothermal and electrothermal properties for 
self-sterilization application [303]. The fabricated nanotextile woven 
provided a faster high-temperature response under the exposition to 
both light irradiation and electrical power, which promoted the 
continuous release of active KCZ in preventing the infection from bac
teria pathogens. Also, thermoplastic polyurethanes (TPU) based NYs 
functionalized with silver nanowires and MXene exhibited a fast elec
tromechanical performance under mechanical deformations as well as a 
photothermal and electrothermal response under external stimuli, 
including electricity and light, that resulted to be advantageous for the 
realization of wearable healthcare sensors [304]. Hence, the combina
tion of ES with traditional textile processing methods can be a feasible 
approach to design and develop advanced nanotextile for several po
tential applications in various biomedical fields. It is worth noting that 
electrospun based NYs with high degree of alignment and lengths of the 
order of hundreds of meters can be produced in a continuous manner 
[30]. Therefore, thanks to the utilization of automated and program
mable textile machines the structure, shape, and mechanical features 
can be tuned for the large-scale production, thus making the 
manufacturing of nanotextile woven fabric based on electrospun NYs 
expandable for a future commercialization. 
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6. Overview on nanofibers market and conclusions 

The great advantages of obtaining fibers with tailored diameter sizes 
and surface characteristic properties, down to the nano scale, has made 
the ES a versatile technique to produce promising electrospun mem
branes with high filtering performances. So far, a great variety of syn
thetic and natural polymers have been electrospun with the addition of 
either active natural compounds or nano materials to design function
alized filters that can significantly prevent transmission of infection by 
viral and bacterial pathogens. Important advances have been achieved 
in the development of reusable and self-sterilizing biodegradable 
polymers-based electrospun membranes. The manufacturing of more 
sustainable electrospun filtering devices can address current issues 
originating from the outbreak of COVID-19 pandemic, including the 
improper disposal of surgical mask and the remotion of possible bacte
rial contamination present on PPE surfaces after their use. Although 

most of electrospun research have been carried out at lab-scale, the 
electrospinning process can be easily up-scaled, thus enabling a prom
ising perspective on rapid production of nanofiber mats to industrial 
scale. In recent years, many companies have patented and marketed 
industrial set-up machines for large scale nanofiber production [70,128, 
305,306]. Among them, some leading textile industries, such as INO
VENSO (www.inovenso.com), E-SPIN Nanotech (www.espinnanotech. 
com), and ELMARCO (www.elmarco.com), developed industrial-scale 
technology to fabricate high production polymers-based electrospun 
membranes, as advanced filters materials for face mask and respirators 
application. Since the shortage of face mask during the COVID emer
gency, several international companies such as ske (www.ske.it), nask 
(www.nask.hk), sncfibers (www.sncfibers.com), fnm (www.fnm.ir), 
respilon (www.respilon.com), and nano4fiber (www.nano4fiber.com), 
have been starting to produce electrospun nanofiber mask with optimal 
filtration performance, according either to European or USA standard 

Fig. 19. (a) Schematic diagram of the fabrication process of electrospun based NY and its further production in woven textile, as functional scaffold for in vivo tissue 
engineered application; adapted with permission from [299]. A comparison between the fluorescence images showing the cell migration from the spheroids of neural 
stem cells after 7 days of culture on (b) PCL NYS functionalized with NGF@PCL microparticles, obtained at a deposition time of 5 min, and that on (c) PCL NYs (blank 
yarns); (d) schematic picture showing the axonal growth of both PC12 and SH-SY5Y cells and their further migration from the initial spheroids forms of neural stem 
cells on PCL NYs, PCL NYs functionalized with PCL microparticles, and PCL NYs functionalized with NGF@PCL microparticles; (e) migration distance measured for 
the neural stem cells after culturing on the different PCL NYs classes for 7 days;; adapted with permission from [300]. (f) Experimental design of the hADMSCs 
differentiation towards myelinating Schwann cell-like cells by means of electrical stimulation (ES), chemical induction (CI), and their combination; (g) images of the 
immunofluorescent staining for S100B (red), MBP (green), and nuclei (blue) of hADMSCs seeded on PPDO/5%CNT NYs by using GM and the combination of ES and 
CI (ES+CI), after 14 days of culture; scale bar equal to 100 μm; adapted with permission from [301]. 
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mask protocols. Performance and characteristics of some face masks 
based on electrospinning technology, which are currently available on 
the market, are reported in literature [28]. Several smaller companies 
and start-ups, including 4C-Air, Maryland-based DiPole Materials, and 
Spanish Bioinicia, also have reacted to the COVID-19 pandemic by 
employing ES technology to develop advanced nanofibers-based filter 
with better performance in both aerosols capture and breathability 
[307]. The Bioinicia company (www.bioinicia.com) in collaboration 
with the National Scientific Research Council (CSIC) developed the first 
world compostable nanofiber respiratory mask for protection against 
COVID-19 to the market with FFP2 breathability and filtration capacity, 
based on ES technology. Conversely to commercial mask, the 
nanofiber-based face mask is made of compostable biomaterial that can 
easily decompose in 22 days, thus preventing further dissemination of 
infection plastic waste. NanoLayr company (www.nanolayr.com), 
formerly known as Revolution fibres Ltd, recently developed a com
postable and eco PLA based electrospun filter integrated with manuka 
oil that meet international standard of N95 respirators providing both 
bactericidal and virucidal properties as well as the ability to restore 
filtration performance, after several washing cycles [171]. Biodegrad
able polymer materials proved to be an eco-friendly resource for the 
manufacturing of high-efficiency face masks, but the absence of an 
alternative fiber fabrication protocol to replace common hazardous 
solvents with less toxic ones in large-scale manufacturing has not been 
yet established. Since the electrospinning research is leading to indus
trial application, new strategies for the introduction of alternative and 
environmental-friendly solvents should be investigated. In this 
perspective, the use of greener solvents should be a more effective so
lution to both reduce the environmental impact of hazardous solvents, 
which are restricted by the REACH regulation, and improve a more 
sustainable ultrafiltration membranes manufacturing process on large 
scale in the future. 
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[151] F.N.H. Karabulut, G. Höfler, N. Ashok Chand, G.W. Beckermann, Electrospun 
nanofibre filtration media to protect against biological or nonbiological airborne 
particles, Polymers 13 (2021) 3257, https://doi.org/10.3390/polym13193257. 

[152] Z. Yang, X. Zhang, Z. Qin, H. Li, J. Wang, G. Zeng, C. Liu, J. Long, Y. Zhao, Y. Li, 
G. Yan, Airflow synergistic needleless electrospinning of instant noodle-like curly 
nanofibrous membranes for high-efficiency air filtration, Small 18 (2022), 
2107250, https://doi.org/10.1002/smll.202107250. 

[153] J. Jiang, Z. Shao, X. Wang, P. Zhu, S. Deng, W. Li, G. Zheng, Three-dimensional 
composite electrospun nanofibrous membrane by multi-jet electrospinning with 
sheath gas for high-efficiency antibiosis air filtration, Nanotechnology 32 (2021), 
245707, https://doi.org/10.1088/1361-6528/abeb9a. 

[154] M. Li, H. Wen, H. Li, Z.C. Yan, Y. Li, L. Wang, D. Wang, B.Z. Tang, AIEgen-loaded 
nanofibrous membrane as photodynamic/photothermal antimicrobial surface for 
sunlight-triggered bioprotection, Biomaterials 276 (2021), 121007, https://doi. 
org/10.1016/j.biomaterials.2021.121007. 

[155] S. Kumar, J. Jang, H. Oh, B.J. Jung, Y. Lee, H. Park, K.H. Yang, Y.C. Seong, J. 
S. Lee, AntibacteriAL POLYMERIC NANOFIBERS FROM ZWITTERIONIC 
TERPOLYMERS BY ELECTROSPINNING FOR AIR FILTRATIon, ACS Appl. Nano 
Mater. 4 (2021) 2375–2385, https://doi.org/10.1021/acsanm.0c02366. 
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