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ABSTRACT

Airborne particles such as particulates, spores, and hazardous bioaerosols pose a
serious threat to human health. Filtration remains the most widely used method
to combat deteriorating air and water quality. While conventional air filters can
capture airborne particles, their inability to inactivate pathogens leads to the
accumulation of bioaerosols, thereby creating a secondary source of pollution.
Incorporating antimicrobial properties into air filters offers a significant advantage
by not only trapping bioaerosols but also inhibiting microbial growth. Conventional
air filters can be transformed into antimicrobial filters through surface coatings
with antimicrobial agents such as metal and metal oxide nanomaterials, ionic
liquids, quaternary ammonium or phosphonium salts, antimicrobial polymers,
N-halamine compounds, antimicrobial peptides, antibiotics, and potent natural
extracts. However, coating methods often disrupt pore structure and cause uneven
distribution of antimicrobial agents, which may compromise filtration efficiency.
Electrospinning is a promising alternative that enables the fabrication of uniform
micro- and nanofibers capable of effectively filtering impurities from air or water.
Antimicrobial properties can be introduced by incorporating antimicrobial agents
directly into the spinning solution and optimizing the formulation parameters.
Over the years, a wide range of polymers and antimicrobial additives have been
explored for the development of antimicrobial filters using various methods. This
article reviews recent advances in antimicrobial filter fabrication, with particular
focus on electrospinning, and examines how antimicrobial fillers influence the
structural and functional properties of electrospun nanofibers.
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1. Introduction

Clean air and water are essential for sustaining
human life on Earth.! Unfortunately, most air
and water resources are continuously polluted
due to human activities.> Consequently, a large
portion of the global population is deprived
of clean and safe air and water.** Continuous
exposure to polluted air or water can cause
severe health issues, such as lung diseases, cardiac
ailments, neurological diseases, reproductive and
developmental defects, cancer, and premature
deaths.> Furthermore, pollution can also
negatively affect the ecosystem, leading to the
extinction of endangered species.®

A clean environment is  particularly

essential in hospitals, which accommodate

immunocompromised patients daily.” Hospital-
acquired infections are major contributors to
nosocomial illnesses that may prolong patients’
hospital stays, deteriorate their health conditions,
and even result in death. Filtration is one of the
oldest and most widely used approaches for
purifying air and water. Its simplicity and cost-
effectiveness have contributed to its widespread
application in respiratory protection, air and
water purification, and wastewater treatment.
A well-maintained air filtration and management
system is essential to avoid pathogenic
contamination in critical care areas.®’

Air filters have been applied for air purification
in diverse settings, including hospital
environments, critical care units, cleanrooms,
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range hoods, chemical factories, industrial facilities, furnaces,
and automobile engines. Based on the requirements of specific
applications, different filtration systems, filter types, and size
variants have been utilized. Ionic air filters, carbon air filters,
high-efficiency particulate air (HEPA) filters, and ultraviolet
(UV) light air filters are commonly employed for filtration
purposes.’” Ionic air filters, or air ionizers, apply specific
voltages to charge air molecules, which attract oppositely
charged particles from the air stream, thereby removing
contaminants. They are mainly used for conventional air
purification. HEPA filters rely on trapping particulates using
glass fiber mats as the filtration medium." They are more
efficient than ionic air filters and can remove up to 99.97% of
airborne particulates. The efficiency of a HEPA filter depends
on the pore diameter and fiber thickness. The filtration action
of HEPA filters is mainly due to the interception, impaction,
and diffusion of particulate matter (PM) in the air stream as it
passes through the filter. Consequently, when PM is trapped,
purified air is released.

Due to their high filtration efficiency (FE), HEPA filters
are often employed in critical areas, such as hospital wards
and intensive care units, to remove bacteria and prevent
contamination. Carbon air filters utilize the excellent adsorptive
capacity of carbonaceous materials to remove particulates and
toxic gases from the air stream. Carbon filters can be activated
via heat and oxygen treatments, allowing the pores to reopen
and the filter to be reused. UV-light air filters employ intense
UV beams (240-280 nm) to neutralize harmful particles, such
as molds and bacteria."? However, although UV filters can
remove pathogenic organisms, they cannot eliminate gaseous
impurities or pollutants. Different kinds of filters employed
for purifying air in the healthcare ecosystem are illustrated in
Figure 1.

Similar to air filters, efficient water filters are essential for
removing pathogens and particulates from potable water.
Water filters capable of removing certain metal ions, such as
calcium ions and magnesium ions, can help mitigate water
hardness.”> Moreover, the removal of heavy metal ions from
potable water is crucial to prevent fatal metal poisoning and
severe diseases, such as Itai-itai and plumbism, which are
prevalent in rural areas."*" In addition, water filters should be
capable of removing disease-causing microorganisms to make
water safe for ingestion. Different classes of water filters that
rely on mechanisms such as mechanical separation, absorption,
sequestration, ion exchange, and reverse osmosis are now
available. Various water filters made of ceramic materials or
natural polymers have been investigated for the sustainable
removal of water contaminants.'®"”

Recently, antimicrobial materials have gained considerable
research interest due to increasing concerns regarding hospital-
associated infections transmitted through direct or indirect
contact. Bioaerosols (e.g., airborne microbial contaminants),
biological particulate fragments, and a variety of living particles
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pose significant threats to air quality in the healthcare sector.'®
These microscopic particulates can travel long distances,
remain suspended in the air, and induce communicable
infectious illnesses, acute toxicity, allergies, and other major
health risks. Bioaerosols prevalent in hospital environments
can play a significant role in nosocomial infections, potentially
increasing disease burden and hospital stays.” Although
conventional filters can capture bioaerosols along with other
PM, their inability to inactivate pathogens makes the filter a
potential fomite, increasing the risk associated with handling
bacteria-loaded filters. The viable particles may grow on the
filter, forming active biofilms, and occasionally re-aerosolize,
causing secondary health hazards. Hence, decontamination
treatments are necessary to mitigate the health risks associated
with pathogen-loaded filters.

Antimicrobial resistance (AMR) is another potential threat in
the healthcare sector. The excessive use of antibiotics has led
to this condition, in which microorganisms acquire resistance
to conventional antimicrobial agents, such as antibiotics, and
vigorously spread diseases. Thus, novel antimicrobial agents
beyond conventional ones are a major focus in healthcare
research and development. Antimicrobial filters obtained by
incorporating such antimicrobial materials not only capture
pathogenic microorganisms but also inactivate them. These
antimicrobial filters can be integrated into face masks, air
filters, and water filters to reduce the risk of infection from
airborne and waterborne pathogens, especially for healthcare
workers operating in high-risk environments.?

The antimicrobial agents on these filters can inhibit the growth
of captured microbes, and the inhibition mechanism depends
on the type of antimicrobial agent employed.?! Antimicrobial
agents can induce cell wall destruction, inhibit protein synthesis
and other metabolic pathways, and rupture cell membranes,
leading to cell death.?? In one mechanism, mobile antimicrobial
molecules migrate toward the microorganism and interact with
itto destroy the organism. Another mechanism involves contact
killing, whereby antimicrobial materials are incorporated
onto a surface to eliminate microorganisms on attachment.
A third mechanism operates by altering surface wettability to
repel microbes and prevent attachment.” Antimicrobial filters
primarily follow the contact-killing strategy, which enables
rapid inactivation of captured microorganisms, limiting the
number of viable particles ejected from the filter by the air
stream.

Similar to air, water is also susceptible to microbial
contamination, which may lead to infectious outbreaks.
Numerous cases of illness and death are reported annually
due to waterborne pathogens, including bacteria, protozoans,
helminths, and viruses.”* Recently, membrane
technologies have been preferred over conventional water
treatment strategies, such as disinfection and distillation.
Major limitations of conventional methods, including the
requirement for additives, thermal inputs, and tedious
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Figure 1. Types of air filters employed for air purification in the healthcare sector. Figure created by authors.

Abbreviations: HEPA: High-efficiency particulate air; UV: Ultraviolet.

regeneration of spent media, are avoided with membrane
technology. Functionalization of membrane surfaces with
nanoparticles is one approach to improve membrane
performance. At present, biocidal filters are employed to
combine disinfection with mechanical filtration.?® This article
aims to provide a brief overview of the different strategies
employed in developing antimicrobial filters, with a particular
emphasis on electrospinning-based approaches.

2. Antimicrobial filters

Antimicrobial filters can be generated either by coating
antimicrobial agents onto conventional air or water filters or by
fabricating nano- or microfibers with inherent antimicrobial
properties through electrospinning.”® A wide range of
antimicrobial agents, spanning inorganic materials to organic
materials, bulk compounds to nanomaterials, metallic ions to
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complexes, and small molecules to polymeric macromolecules,
has been explored for developing antimicrobial filters.?”
Various carbon nanomaterials have also been reported to
enhance the bacterial FE of filters. Recently, natural product
extracts have been increasingly investigated as antimicrobial
agents to impart similar properties to filters. Their lower
toxicity compared with inorganic antimicrobial agents and
effectiveness against both bacteria and viruses are particularly
attractive features. Extracts of Punica granatum, Sphaeranthus
indicus, Andrographis paniculata, Acacia nilotica, and Allium
sativum have demonstrated antimicrobial effects.”

The diversity is apparent not only in the antimicrobial
agents used but also in the techniques employed for their
incorporation into filters. Dip coating, layer-by-layer coating,
pad-dry technique, aerosol processing, electro-spraying,
and spray coating are commonly employed methods to
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modify conventional filters into antimicrobial filters.?*

Electrospinning is an important fiber manufacturing technique
in which polymer solutions are mixed with antimicrobial
agents to produce micro- or nanoporous filters.*> The
electrospinning technique has attracted considerable attention
due to its impressive characteristics.’> Other methods are
used to impart antimicrobial properties to a filter substrate
with predefined filter properties and pore dynamics, whereas
electrospinning generates a new fibrous system with tunable
porosity and filtration properties in addition to antimicrobial
functionality. This unique combination provides opportunities
to fine-tune the properties and functionalities of the filter and
therefore warrants comprehensive research. Incorporating
antimicrobial agents through any one of the above-mentioned
manufacturing methods enables the filter membranes to
inactivate captured bacteria and prevent fomite formation
(Figure 2).

3. Coated antimicrobial filters

Various polymeric membranes have long been used to
filter particulates and contaminants from air and water.
Polypropylene (PP), polyurethane (PU), polycaprolactone
(PCL), polyvinyl alcohol (PVA), polyvinylidene fluoride
(PVDF), and polylactic acid (PLA) are the most commonly
used polymers for developing filter systems (Figure 3).** In
addition to these synthetic polymers, filters based on natural
polymers, such as cellulose, coconut fibers, and bamboo fibers,
have also been reported for air and water filtration.** Filters
can be enhanced by incorporating antimicrobial properties
using suitable agents, either organic or inorganic. Organic
moieties explored for this purpose often include molecules
with a known antimicrobial history, such as antibiotics,
antimicrobial proteins, polymers, and ionic liquids. Metal
nanoparticles, carbon nanomaterials, and their composites
are the most widely studied inorganic moieties for generating
antimicrobial filters.

Among synthetic fibers, PP has been used in filtration systems
for a long time due to its exemplary mechanical properties,
stability, biocompatibility, and filtration capability.>* PP-based
filters are commonly found in face masks, particulate filters,
and water filters. They have been widely employed in
developing personal protective equipment and other medical
fabrics. PP-based filters separate particulates and pathogens
primarily through mechanical filtration. Antimicrobial filters
can be generated by coating specific agents onto PP filters
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Figure 2. Antimicrobial coating imparts antimicrobial properties to
the filter membrane and prevents fomite formation. Green and red
bacteria indicate live and dead bacteria, respectively. Figure created
by authors.
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using suitable methods. As the polymeric backbone of PP lacks
active functional groups, it is difficult to attach active moieties
to the surface. However, many reports demonstrate the use of
diverse antimicrobial agents to impart antimicrobial properties
to PP-based filters for face masks, particulate filters, and
water filters. Such coatings require specialized techniques or
processing conditions to effectively integrate the antimicrobial
agents.

In a recent study, the pad-dry technique was used to modify
commercially available PP-based surgical and N95 nonwoven
fabrics into antimicrobial filters by incorporating 1-chloro-
2,2,5,5-tetramethyl-4-imidazolidinone. The modified filters
displayed excellent bactericidal activity against both Gram-
positive and Gram-negative bacteria.*® Similarly, the chemical
metallization approach was adopted to incorporate silver
nanoparticles (AgNPs) onto melt-blown PP tape to confer
antibacterial and antifungal properties. In addition, the
modified filter was effective against the SARS-CoV-2 virus.”’
The conventional dipping/washing method has also been
used to functionalize PP-based HEPA filter fabrics with tannic
acid (TA) (Figure 4A). The TA-functionalized HEPA filter
demonstrated an in-solution influenza virus capture efficiency
of up to 2,723 pfu/mm? within 10 min, significantly higher
than that of unmodified filters.*

In another approach, an ultrathin hybrid coating of graphene
oxide (GO) and polydopamine was applied to PP filters by
spray-coating, improving FE (Figure 4B). Furthermore, the
coating enabled anchoring cationic polymer brushes on the
surface, which enhanced the bactericidal activity of the PP
filters.* In another approach, zinc pyrithione was coated onto
conventional heating, ventilation, and air conditioning filters
to impart antimicrobial properties. The results showed that
antibacterial activity was successfully incorporated, with no
degradation in filtration performance.*

Ionic liquids are well-known antimicrobial agents due to their
mobile polar units, which can penetrate and disrupt bacterial
cell walls. In a recent study, the surface of PP filters was modified
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Figure 3. Chemical structures of common polymers used in filter
fabrication. Figure created by authors.

Abbreviations: PCL: Polycaprolactone; PLA: Polylactic acid;
PP: Polypropylene; PU: Polyurethane; PVA: Polyvinyl alcohol;
PVDF: Polyvinylidene fluoride.
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Figure 4. Filters with antimicrobial coatings. (A) Tannic acid-functionalized HEPA filter for viral filtration (adapted from Kim et al’®).
(B) PP-based masks coated with GO and PD to generate antimicrobial masks (adapted with permission from Kasbe et al¥’; license number:
6097540000542). (C) Quaternary salt-conjugated lignin coatings for antimicrobial and antiviral face masks (adapted with permission from
Kumaran et al.*?; license number: 6097531306864). (D) Crystal violet-functionalized TiO, coatings for visible light-activated antimicrobial filters
(adapted with permission from Heo et al*'; license number: 6097540224434).

Abbreviations: AHAC: Adenine hexyl ammonium chloride; GO: Graphene oxide; HEPA: High-efficiency particulate air; LAHAC: Lignin
adenine hexyl ammonium chloride; LTMAC: Lignin 2,2',4'-terpyridine methyl ammonium chloride; NP: Nanoparticle; PD: Polydopamine;
PP: Polypropylene; ROS: Reactive oxygen species; RT: Room temperature; TiO,: Titanium dioxide; TMAC: Terpyridine methyl ammonium

chloride; UV: Ultraviolet.

with ionic liquids through interfacial self-assembly to generate
antimicrobial PP filters.*! The stability of antimicrobial filters
can be enhanced if the active ionic liquids are chemically linked
to the filter surface. Suitable grafting methods can incorporate
ionic liquids and similar quaternary salts onto the filter
surface. In a recent report, quaternary salts were conjugated
onto lignin through epoxide chemistry and employed as
antiviral and antibacterial face mask coatings (Figure 4C).
These UV-induced, easy-to-apply coatings displayed activity
against viruses and bacteria, including PR8 HINT1 influenza
virus, HCoV-229E, HCoV-OC43, and Klebsiella pneumoniae.**
Polyionic liquids also exhibit antimicrobial properties due
to their abundant charge centers, and their flexibility is
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advantageous for deployment as simple coatings. Ren et al.*®
introduced polymerizable ionic liquids onto PP nonwoven
fabrics through surface grafting and photo-crosslinking to
generate polyionic liquid-grafted PP filters. These modified
filters exhibited excellent antimicrobial activity and could
absorb dyes and oils.

Unlike PP, many polymer filters possess suitable functionalities
for the effective incorporation of antimicrobial agents. Jeong
et al* incorporated PU filters with natural sea salt particles
through an aerosol process to develop antimicrobial filters.
Natural sea salt particle-coated filters displayed superior

bactericidal activity (>98%) and FE (95-99%) against
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aerosolized bacterial particles of Staphylococcus epidermidis
and Escherichia coli. Chlorhexidine digluconate is another
well-known antimicrobial and antifungal agent. Watson
et al*® modified MK3 filters with chlorhexidine digluconate to
achieve significant antifungal and antimicrobial effects without
impeding airflow through the filter.

In addition, many studies have employed plant extracts with
biocidal activity to generate antimicrobial filters. For example,
AgNPs were generated in situ on polyacrylamide polymer using
lignin as a biodegradable reducing agent through solvent-free
ball milling mechanochemistry. The resulting antimicrobial
water filter exhibited antimicrobial activity against various
bacteria.** Hwang et al.”” fabricated antimicrobial filters with
excellent activity against S. epidermidis and Micrococcus luteus by
coating a PU resin fiber filter with natural Euscaphis japonica
nanoparticles. The natural extract-modified filters displayed an
average FE of >95%.

Metal or metal oxide nanoparticles have been reported to possess
excellent antimicrobial properties and impart antimicrobial
traits to filter membranes. Among them, AgNPs are the most
commonly reported material in antimicrobial systems. AgNPs
are typically employed alone or in combination with binding
materials to ensure stable incorporation into filter systems. In
a recent study, hybrid nanosystems with synergistic activity
against both Gram-negative and Gram-positive bacteria were
developed by incorporating monodisperse silica nanoparticles
with AgNPs and successfully incorporated into air filtration
systems to achieve approximately 95% FE.*

Similarly, AgNPs were coated onto carbon nanotubes (CNTs)
using a unique aerosol technique involving both nebulization
and thermal evaporation/condensation in a continuous
one-step preparation, and the resulting hybrid nanosystem
exhibited antimicrobial activity when coated onto filter units
(FE > 90%).* Furthermore, copper nanoparticles (CuNPs)
were generated in situ within a melamine-formaldehyde
resin sponge to produce CuNP-decorated melamine sponge
air filters, which demonstrated antibacterial activity against
E. coli>®

The antimicrobial activity of semiconducting nanoparticles,
such as titanium dioxide (TiO,) and zinc oxide (ZnO), has been
reported previously. Incorporation of such semiconducting
nanomaterials allows photoactivation, owing to their excellent
photoactivity. Surface functionalization of TiO, with crystal
violet (CV) yields photoactive nanocomposites whose
antimicrobial activity can be modulated by visible light. The
visible light-activated antimicrobial air filters developed by
coating TiO,-CV nanocomposites exhibited approximately
99.9% FE and an approximately 99.98% inactivation rate
against various bioaerosols (Figure 4D).”!

Apart from metal nanoparticles, various carbon nanostructures
have also been reported to possess antimicrobial activity.
Dong et al®* used different carbon nanomaterials, including
multi-walled CNTs, single-walled CNTs,
quantum dots, to modify trimethylolpropane trimethacrylate
millipore (polycarbonate) membranes for bacterial removal
from aqueous solutions (FE >95%). Musico et al** developed

and carbon
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cellulose nitrate membrane filters modified with polymer
nanocomposites of poly(vinyl carbazole) and graphene or GO
for microbial filtration. In another approach, the cellulose filter
was chemically oxidized through periodate oxidation. The FE
(>90%) and bacterial inactivation performance of the resulting
dialdehyde cellulose filter against airborne and waterborne
bacteria and viruses were reported.*® Various coated
antimicrobial filters and their applications are summarized in
Table 1.

Although coated antimicrobial filters are effective in removing
pathogens from air or water streams to a considerable extent,
they present several limitations. Coating methods often
reduce the pore size of the base filter, thereby lowering FE.
In addition, exposure to harsh solvents or high temperatures
during the coating process can compromise the mechanical
integrity of the filter material. The long-term stability of the
antimicrobial coating on the filter surface is another critical
concern. These drawbacks have prompted the global research
community to explore alternative strategies, among which
the development of electrospun nanofibers has emerged as a
particularly promising solution.

4. Electrospun nanofibers

Electrospinning is an advanced method for generating
uniform fibers with diameters ranging from nanometers
to micrometers. In this method, electrically charged jets
of polymer are generated under the influence of a high-
voltage electric field, then collected and solidified to produce
uniform fibers. Polymer solutions with suitable solvents or
polymer melts can be used to generate charged jets.® During
electrospinning, the spinning solution extruded from the
spinneret forms droplets due to the surface tension of the
solution, which becomes charged in the applied high-voltage
electric field. The electrostatic repulsion between identical
surface charges on the droplet transforms it into a conical
shape, often known as a Taylor cone. The charged jet of
the spinning solution ejected from the Taylor cone initially
extends along a linear path and then deviates into a bending
path owing to bending instability.

After attaining a certain diameter, the fiber solidifies rapidly
and deposits on the grounded collector. Thus, electrospinning
proceeds through four consecutive steps: (i) Charging of the
liquid droplet and Taylor cone formation; (ii) linear extension
of the charged jet; (iii) thinning and bending of the charged
jet (whipping instability); and (iv) solidification and collection
as solid fibers on the grounded collector. The schematic
illustration of the electrospinning process is shown in Figure 5.
Electrospun nanofibers have a large surface area-to-volume
ratio, an adjustable porous structure, and tunable properties by
modifying the combination of spinning solutions. Therefore,
electrospun nanofibers have gained increasing attention in
air filtration applications. Electrospun nanofibers obtained
through direct or coaxial electrospinning display excellent
performance compared with conventional microfibers. An
ideal electrospun air filter should have very fine fiber diameters
and high porosity, ensuring effective particle capture and
minimal airflow resistance.®

www.biomat-trans.com



Review

Sasi, R., et al.
Table 1. Coated antimicrobial filters and their applications
Base polymer Antimicrobial agent Coating method Applications References
Non-woven PP 1-chloro-2,2,5,5 Soaking followed by Air filtration in masks and air filters 36
tetramethyl-4-imidazolidinone pad-drying
Melt-blown PP tape Ag nanoparticles Chemical metallization Antibacterial, antifungal, and antiviral 37
air filtration
HEPA filters (PP) Tannic acid Dipping/washing Influenza viral capture filter 38
PP GO and PD Spray coating Antibacterial filter 39
HVAC filter Zinc pyrithione Impregnation coating Antifungal and antibacterial air filter 40
PP 1-Hexyl-3-methyl imidazolium iodide  Interfacial self-assembly Antimicrobial filter 41
PP face masks Quaternary salt conjugated lignins Photopolymerization coating Antimicrobial coating for 42
multifunctional face masks
Nonwoven PP Poly (ionic liquid) Photopolymerized coating Antimicrobial filter and dye/oil 43
separator
PU Natural sea salt particles Surface coating Antimicrobial filter (FE>98%) 44
MK3 filter Chlorhexidine digluconate Solution coating using an Airborne pathogens filtration 45
automated treatment system
Polyacrylamide Ag nanoparticles In situ mechanochemistry Multidrug-resistant antibacterial filters 46
PU resin fiber filter Euscaphis japonica nanoparticles Nebulization thermal drying Antimicrobial air filters (FE>95%) 47
Glass fiber filter Ag nanoparticle-decorated silica Aerosol coating Antimicrobial air filters 48
nanoparticles
PU resin fiber filters Ag/CNT Aerosol coating Antimicrobial air filters (FE>90%) 49
Melamine-formaldehyde  Copper nanoparticles In situ nanoparticle coating Antimicrobial air filters (FE>95%) 50
resin sponge
Commercial mask filter Titanium dioxide/crystal violet Aerosol coating Antimicrobial air filters (FE 51
approximately 99.9%)
Polycarbonate (TMTP) CNTs/ quantum dots Solution coating Antimicrobial water filters 52
filters (FE>95%)
Cellulose nitrate PVK/GO Vacuum dispersion coating Antimicrobial water filters 53
Cellulose Dialdehyde cellulose Chemical oxidation Antimicrobial water and air filters 54

(FE>90%)

Abbreviations: Ag: Silver; CNT: Carbon nanotube; FE: Filtration efficiency; GO: Graphene oxide; HEPA: High-efficiency particulate air; HVAC: Heating, ventilation, and air
conditioning; PD: Polydopamine; PP: Polypropylene; PU: Polyurethane; PVK: Polyvinylcarbazole; TMTP: Product code of isopore membrane filters of Millipore Sigma.
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Figure 5. Schematic representation of the electrospinning setup used for developing micro- and nanofibers suitable for filter applications, along
with a scanning electron micrograph image of an electrospun polycaprolactone membrane displaying an interconnected nanofibrous network.
The figure is created by authors, and the SEM image is part of the author’s unpublished work.

Electrospinning is a versatile and effective method used
to create nanofibers with sizes ranging from nanometers
to micrometers. These nanofibers are utilized in a variety
of industries, including tissue engineering; drug delivery,
filtration, and energy storage, due to their high surface area-to-
volume ratio, porous structure, and functional properties.”” In
recent years, a variety of polymers have been electrospun into
ultrafine fibers, mainly from liquid solvents and, in some cases,
from molten polymers. Polymers such as PU, PCL, PVDF,
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PVA, and PLA have been electrospun into nanofibers for a
variety of applications.®

Electrospinning facilitates the incorporation of functional
filters into the spinning solution, allowing the impartation
of antibacterial and antiviral properties into nanofibers,
enhancement of mechanical properties, implementation of
self-sterilization mechanisms, and integration of stimuli-
responsive or energy-harvesting properties. Electrospun
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membranes are capable of retaining surface charges without
additional treatments and exhibit electrostatic behavior similar
to electret filters. The electrospun nanofibrous membranes
have smaller fiber diameters and finer pore sizes suitable for
mechanical filtration, making them superior to conventional
microporous filters.

Electrospun nanofibers can be prepared using a wide range
of natural and synthetic polymers.”” The straightforward
equipment setup, flexibility in starting materials, capability for
mass production, and tunability of fiber characteristics make
electrospinning a preferred method for nanofiber production.*
The properties of electrospun nanofibers, including
diameter, composition, morphology, and shear alignment,
can be tuned by modifying the composition of the spinning
solution, applied voltage, and distance between spinneret and
collector. In addition, it is possible to adjust fiber diameter,
surface area-to-volume ratio, surface functionalities, and
mechanical performance (e.g., stiffness and tensile strength)
by optimizing the spinning parameters. The flexibility of fiber
generation and ease of incorporation of antimicrobial agents
make electrospinning an excellent approach for developing
antimicrobial filters. Various polymeric systems used to
generate antimicrobial filters via electrospinning and their
applications are detailed in the following sections.

5.PVDF nanofibers

PVDF nanofibers exhibit several remarkable properties,
including exceptional chemical stability, ease of processing,
superior mechanical strength, wear resistance, heat resistance,
and stability against hydrolysis and UV radiation.®’ Thus,
PVDF is particularly well-suited for a wide range of
applications, including piezoelectric devices, tactile sensors,
the aviation and aerospace industry, radio-electronic devices,
drug delivery systems, tissue engineering, gas and liquid
separation through membranes, energy storage systems,
and erosion-resistant coatings in the construction sectors.®?
Due to its impressive properties, PVDF nanofibers produced
through electrospinning and related techniques have been
widely explored for various applications. For instance, phase
inversion and electrospinning have been frequently utilized
to create ultrafiltration and microfiltration membranes using
PVDF and its copolymers.**

PVDF has been extensively used for filtration applications. The
diameter and areal weight of nanofibers generated through
electrospinning depend on the polymer solution concentration.
The structural parameters of PVDF fibrous membranes, such
as fiber diameter, pore size, pore distribution, porosity (or
packing density), thickness, and areal weight, play significant
roles in the FE and permeability of the membranes.* PVDF,
either alone or in combination with other polymers, is
commonly used for the separation of complex mixtures. For
instance, PVDF-co-hexafluoropropylene (PVDF-HFP) has
been combined with polytetrafluoroethylene membranes for
water-in-oil emulsion separation. The membrane was prepared
via a thermally induced phase separation method using dibutyl
phthalate and dioctyl phthalate as mixed diluents.®* In a previous
study, robust oil-water separation membranes were fabricated
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by electrospinning a composite mixture of PVDF-HFP and
fluorinated polyhedral oligomeric silsesquioxane (FPOSS). The
hybrid membranes, which displayed highly hydrophobic and
superoleophilic behavior, efficiently separated low-viscosity
oil from water in a single step. The researchers recommended
employing PVDF-HFP-FPOSS nanofiber membranes for real-
time industrial wastewater treatment.* Wang et al.*” fabricated
a bead-on-string type smart membrane by electrospinning
TiO,-doped PVDF nanofibers. The unique bead-on-string
structure with hierarchical surface roughness endowed the
membrane with superwetting and liquid-resisting properties,
enabling reversible separation of oil/water mixtures by
allowing only one liquid to pass through (Figure 6A). The
fabricated membrane also displayed superior antifouling and
self-cleaning capabilities owing to the photocatalytic TiO,
incorporated in the hybrid structure.

The hybrid membranes fabricated by co-spinning two
dissimilar polymers often exhibit the synergistic properties of
their individual components. Recently, smart membranes were
fabricated by integrating hydrophobic PVDF polymers with the
hydrophilic cellulose acetate polymer and co-electrospinning
nylon-6. The interplay between the hydrophilicity and
hydrophobicity of the individual polymers enables these smart
membranes to mitigate biofouling, providing an innovative
strategy to control biofouling during wastewater treatment
applications.®® In another study, beadless, uniform, and
straight polyacrylonitrile (PAN) and PAN/PVDF nanofibers
were produced using the electrospinning method. These
nanofibrous membranes were proposed for use in air filtration
applications.®

Antimicrobial PVDF nanofibers can be generated by
incorporating agents with microbial inhibition capability into
the PVDF spinning solution. Various inorganic nanomaterials
and organic molecules with bactericidal activity have been
utilized for this purpose. Electrospinning of PVDF solutions
containing different of AgNPs vyielded
antimicrobial nanofibers. The bacterial FE and anti-bacterial
activity of the filters were evaluated against Staphylococcus
aureus and E. coli. The results demonstrated a 99.86% bacterial
FE for Ag-PVDF fibers, providing valuable insights for clean
air management.”

concentrations

The introduction of ZnO nanoparticles along with different
compositions of vermiculites and chlorhexidine into the
PVDF solution was reported to have a pronounced influence
on the wettability, mechanical properties, and bactericidal
performance of the generated nanofibers.”! Spasova et al’?
developed superhydrophobic antimicrobial filtration mats
using PVDF and PVDF-HFP by electrospinning with ZnO
nanoparticles featuring a silanized surface and a model drug,
5-chloro-8-hydroxyquinolinol. Another study employed
magnesium oxide (MgO) as an inorganic functional additive
for the development of antimicrobial nanofibers and obtained
excellent antimicrobial activity against E. coli and S. aureus.”

The loading of antimicrobial drugs such as enrofloxacin is
another approach to impart antimicrobial behavior to PVDF-
based nanofibrous mats.”* These drug-loaded nanofibrous
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Figure 6. Electrospun nanofibers as antimicrobial filters. (A) Titanium dioxide-incorporated beaded polyvinylidene fluoride nanofibers for
photocatalytic, self-cleaning, and antifouling filters (adapted with permission from Wang et al”’; license number: 6097500905140). (B) PLA
nanofibers incorporated with quaternary ammonium salts and N-halamine derivatives exhibiting a synergistic antimicrobial effect (adapted with
permission from Shao et al.''%; license number: 6097501454814). (C) PS/FPU nanofibers doped with GH for mechanically strong antimicrobial
air filters (adapted with permission from Shao et al.'}; license number: 6097501354148). (D) Metal-doped PAN nanofibers complexed with
pseudopeptide thiourea to generate an antimicrobial and antioxidant air filter (adapted with permission from Devi et al.'*’; license number:

6097540539057).

Abbreviations: CS: Chitosan; DDBAC: Dodecyl dimethyl benzyl ammonium chloride; FPU: Fluorinated polyurethane; GH: Graphene oxide-
halamine; GO: Graphene oxide; MNP: Metal nanoparticle; PAN: Polyacrylonitrile; PLA: Polylactic acid; PM: Particulate matter; PS: Polystyrene;

UV: Ultraviolet.

mats can be used as promising wound dressing materials.
Similarly, well-known antimicrobial agents such as quaternary
ammonium salts and ionic liquids have also been explored to
impart antimicrobial behavior to PVDF nanofibers. Capkova
et al”® introduced dodecyl trimethyl ammonium bromide
as an antimicrobial agent into the spinning solution, and
investigated its effect on the structure, morphology, adhesion,

and antimicrobial properties of the fibers.

In another study, electrospun PVDF-HFP nanofibers were
subjected to UV-induced surface graft copolymerization
with 4-vinyl pyridine, followed by quaternization with
1-bromohexane. The resulting membranes exhibited excellent
antimicrobial activity against both Gram-positive and Gram-
negative bacteria.”® Interestingly, the piezoelectric behavior
of PVDF provides another pathway for antimicrobial action
without the addition of external bactericidal agents. It was
observed that charge generation on the electrospun PVDF
mat under mechanical perturbation inhibited the growth
of Klebsiella pneumoniae colonies.”” This area of research is
expected to gain considerable attention in the future.

In summary, the unique properties of PVDF support the
fabrication of hydrophobic, piezoelectric nanofibrous
membranes. By incorporating functional fillers—such as
antimicrobial agents, wettability modulators, photoactive

materials, and  semiconducting  nanomaterials—these
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membranes can be tailored into versatile, multifunctional
filters of air and water purification, as outlined in Table 2.

6. PCL nanofibers

PCL is one of the earliest polymers to be synthesized in the
laboratory. Its unique mechanical properties, high miscibility,
excellent blend compatibility, low melting point, and
biodegradability make PCL an attractive biomaterial. This
aliphatic, semicrystalline thermoplastic polyester has been
approved by the United States Food and Drug Administration
for applications in regenerative medicine and biomedical
engineering. PCL has been extensively studied for use in
diverse biomedical areas, including tissue engineering, drug
delivery systems, and implantable biomaterials”® However,
PCL exhibits limited cellular affinity due to its hydrophobic
nature. In addition to surface wettability, the stiffness of
membranes also contributes to cell proliferation, which can be
tuned by adjusting the fiber thickness to generate membranes
with enhanced cytocompatibility.”

Electrospinning of PCL solutions is an effective method for
generating nanofibers with tunable dimensions for various
applications, such as wound healing, tissue engineering, drug
delivery systems, and medical devices.** Kodali et al®' employed
force spinning technology to produce PCL microfiber scaffolds
suitable for drug delivery applications. For the use of PCL
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Table 2. Electrospun polyvinylidene fluoride filters and their characteristics

Biomaterials Translational

Base polymer Antimicrobial agent Fiber diameter Applications References
PVDF TiO, ~120 nm Oil-water separation filter 67
PVDF, cellulose nitrate, and - 880 nm Antibiofouling filter 68
nylon

PVDF and PAN - ~250 nm Air filtration 69
PVDF AgNPs 136 nm Antimicrobial air filter (FE 99.86%) 70
PVDF ZnO-vermiculite-chlorhexidine ~108 nm Antimicrobial membranes, filters 71
PVDF and PVDF-HFP ZnO and 5-chloro-8-hydroxyquinolinol ~110 nm Superhydrophobic antimicrobial membranes 72
PVDF MgO antimicrobial membrane 73
PVDF Enrofloxacin ~470 nm Antimicrobial wound dressing 74
PVDF Dodecyl trimethyl ammonium bromide ~260 nm Antimicrobial air filters 75
PVDF-HFP Poly (4-vinyl-N-alkylpyridinium bromide) NA Antimicrobial membranes 76
PVDF/TPU - ~211 nm Piezoelectric antimicrobial membranes 77

Abbreviations: AgNP: Silver nanoparticle; HFP: Hexafluoropropylene; MgO: Magnesium oxide; NA: Not available; PAN: Polyacrylonitrile; PVDEF: Polyvinylidene fluoride;

TiO,: Titanium dioxide; TPU: Thermoplastic polyurethane; ZnO: Zinc oxide.

nanofibers in biomedical applications, spinning parameters
and conditions must be carefully optimized to eliminate any
possibility of toxicity or contamination. The solvent ratio,
polymer concentration, tip-to-collector distance, and applied
voltage should be optimized to generate PCL nanofibers with
the desired structural and functional properties.*

Hybrid nanofibers involving other polymers exhibit improved
functional properties compared with unmodified PCL fibers.
The addition of hydrophilic polymers and nanoparticles could
overcome the deficiencies of unmodified PCL and improve its
performance in targeted applications. For instance, Kao et al®
fabricated PCL nanofibers by integrating them with chitosan
and observed an enhanced cellular response of mesothelial cells.
Similarly, PCL/gelatin nanofibersloaded with Pinus radiatabark
extracts demonstrated improved biocompatibility.** Moreover,
PCL nanofibers were fabricated with different concentrations
of the antibiotic drug tetracycline hydrochloride (2-5%) and
employed for controlled drug delivery applications.* In another
study, a biocompatible PCL nanofiber-mediated transdermal
delivery system was developed for the sustained release of the
hydrophilic drug vitamin B12.* The mechanical properties of
PCL can be improved by fabricating composite electrospun
membranes in combination with cellulose nanofibrils. The
mechanically robust membranes were used for water filtration,
resulting in enhanced water quality in terms of turbidity,
conductivity, and metal ion removal.¥

Antimicrobial filters based on PCL nanofibers can be generated
by incorporating antimicrobial agents during electrospinning.
Silver (Ag)-incorporated PCL nanofibers were obtained
through in situ reduction of Ag* introduced into the spinning
solution. PCL-Ag nanofibers exhibited antimicrobial activity
against Gram-positive and Gram-negative bacteria and were
suitable for addressing drug-resistant bacterial infections.®
Other studies have also investigated the incorporation of
AgNPs into PCL nanofibers to develop antimicrobial filters.***
These nanofibers can be used not only as antimicrobial
wound dressings but also as filtration media. Jaisankar et al.”°
incorporated AgNPs and 5-fluorouracil into electrospun PCL
mats to achieve dual functionality of controlled anticancer
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drug delivery and antimicrobial activity. Permyakova et al’!
developed self-sanitizing membranes from biodegradable
PCL nanofibers by integrating AgNPs within the matrix.
Other agents such as gold nanoparticles, ZnO nanoparticles,
tetracycline, polyphenols from pomegranate peel extract,
spearmint essential oil, and fibronectin/gentamycin have also
been explored to develop electrospun PCL nanofibers.’?*

Electrospun PCL nanofibers with antimicrobial capability have
been reported to be effective in air or water filters. Nanomeshes
of electrospun PCL fibers have demonstrated excellent FE for
use in face masks.”” ZnO nanoparticles were grown on plasma-
treated PCL nanofibers to generate antimicrobial filters with
superior respiratory protection, suitable for a wide range
of applications. ZnO-coated filters were capable of filtering
both bacteria and fungi from the air stream.” Ferreira et al.”
replaced ZnO with copper oxide and MgO nanoparticles to
develop antimicrobial face mask filters based on electrospun
PCL meshes. In another study, PCL nanofibers modified with
poly(dopamine) were incorporated into a microfluidic device
to remove E. coli from contaminated water.” Poly(dopamine)-
incorporated PCL membranes were reported to remove up to
90% of E. coli from contaminated water.

Thus,anarray of electrospun PCL nanofibers with antimicrobial
characteristics has been developed by incorporating various
antimicrobial agents into the spinning solution (Table 3).
Most PCL-based nanofibrous membranes have been employed
as tissue engineering scaffolds, wound dressing materials, drug
delivery systems, and efficient filtration media for removing
contaminants and pathogens from air and water streams.

7.PLA nanofibers

PLA is a synthetic biopolymer obtained through the
polymerization of lactic acid, which has recently attracted
significant attention due to its biodegradability and
thermoplasticity. As an aliphatic polyester thermoplastic,
PLA is biodegradable, bioabsorbable, and biocompatible, and
exhibits excellent mechanical and thermal performance.'®
Electrospun PLA-based nanofibrous structures have drawn

increasing interest. By adjusting solution parameters,
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Table 3. Electrospun polycaprolactone nanofibrous membranes and their characteristics
Base polymer Antimicrobial agent Fiber diameter Applications References
PCL Tetracycline ~825 nm Drug delivery system 85
PCL: cellulose nanofibers - 1.70 um Water filters for heavy metal filtration (FE~99%) 87
PCL AgNPs ~160 nm Antimicrobial membranes 88
PCL Ag NPs ~834-634 nm Antimicrobial membranes 89
PCL Ag NPs and 5-fluorouracil ~295 nm Antimicrobial membranes for anticancer drug delivery 90
PCL AgNPs ~270 nm Antimicrobial membranes 91
PCL AuNPs and spearmint oil ~320 nm Antimicrobial fibrous mat 92

nanoemulsion
PCL Oxytetracycline and ZnO ~350 nm Antimicrobial membranes for periodontal drug delivery 93
PCL Pomegranate peel extract ~278 nm Antimicrobial wound dressings 94
PCL Essential oils 700-1100 nm Antifungal membranes 95
PCL Fibronectin, gentamycin, AgNPs ~ ~270 nm Antimicrobial wound dressing 96
PCL ZnO NPs NA Antimicrobial protective filter 98
PCL MgO and CuO NPs ~481 nm Antimicrobial filter 99
PCL/PMMA Polydopamine ~274.7 nm Antimicrobial water filter (FE~90%) 100

Abbreviations: AgNP: Silver nanoparticles; AuNP: Gold nanoparticle; CuO: Copper oxide; FE: Filtration efficiency; MgO: Magnesium oxide; NA: Not available; NP: Nanoparticle;

PCL: Polycaprolactone; PMMA: Polymethyl methacrylate; ZnO: Zinc oxide.

processing conditions, and electrospinning techniques, the
morphological, physical, mechanical, and biological properties
of PLA-based nanofibrous materials can be tailored for specific
applications.'® The use of electrospun PLA-based nanofibrous
structures as sutures, artificial blood vessels, wound dressings,
scaffolds for tissue engineering, and drug delivery vehicles
has been thoroughly studied.”” The pore diameter and
dynamics of electrospun PLA fibers can be tuned via solvent
treatment (e.g., acetone treatment) to enhance their absorptive
capability.'® However, the potential for hydrolytic degradation
of electrospun PLA nanofibers must be carefully considered
when employing them in biomedical applications.'*

Like other polymer nanofibers, PLA has also been explored
for filtration applications. Ge et al'® developed electrospun
PLA nanofibers using green solvent mixtures of N,
N-dimethylacetamide (DMAc) and dimethyl carbonate (DMC)
and employed them in air filtration systems. The DMC/DMAc
mixed solvent combines environmental friendliness with
excellent solubility, making it a more sustainable alternative to
conventional solvents such as chloroform and more effective in
dissolving PLA than anhydrous ethanol. The difference in the
volatility and dielectric constants of the component solvents
resulted in the production of surface-roughened, beaded
fibers. Karabulut et al'® developed a novel face mask filter
medium using electrospun PLA nanofibers with bactericidal
and virucidal characteristics, capable of providing protection
against COVID-19 by employing acidified PLA as the spinning
solution. The antimicrobial performance of the filters was
further enhanced by the addition of non-toxic, naturally
derived terpenoids extracted from manuka oil.

The presence of functional groups on the polymeric
backbone enables the chemical modification of PLA with
multifunctional polymers or small molecules to generate smart
membranes with antibacterial properties. In a previous study,
biodegradable and antibacterial PLA fibers were developed
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by incorporating a versatile bio-based polymer synthesized
via radical polymerization, followed by a click chemistry
reaction. The presence of triazole and hydantoin groups in
the resultant polymer facilitated subsequent functionalization
with antimicrobial agents. These fibers demonstrated
antibacterial activity against both Gram-positive and Gram-
negative bacteria.'” The incorporation of moieties bearing
host cavities, such as cyclodextrins, can improve the FE, as
they can encapsulate particulates, volatile organic compounds,
and pathogens. Cyclodextrin-functionalized electrospun PLA
nanofibers exhibit excellent adsorptive properties due to their
unique hydrophobic interior cavity and hydrophilic outer
surface.!®

The incorporation of semiconducting metal oxide
nanoparticles, such as ZnO and TiO,, in the spinning solution
further enhances the functional properties of the resulting
membranes. These nanoparticles possess both antimicrobial
and photocatalytic activities, thereby imparting additional
functionality to the resulting fibers.'” In a recent study, PLA
and PLA-TiO, composites were fabricated using a conjugate
electrospinning approach to generate membranes with a
bimodal diameter distribution. In addition, zeolitic imidazolate
frameworks were grown in situ on the fibers to impart
antibacterial activity against both Gram-positive and Gram-
negative bacteria.'"®

The incorporation of titanium carbide (MXene) into the PLA
spinning solution led to the development of functionalized
PLA nanofibers with an excellent capacity for the adsorptive
removal of toxic nickel ions from aqueous solutions.!"! Ke
et al.""? incorporated zinc-doped TiO, nanoparticles (Zn-TiO))
into the PLA spinning solution to generate electroactive
antimicrobial nanofibrous membranes for air purification
in the healthcare sector. The hybrid membranes containing
10 wt% of Zn-TiO, exhibited approximately 99% FE toward
PM, , and effectively inactivated E. coli and S. epidermidis.

1
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Shao et al.'”® developed multiscale PLA nanofibrous membranes
incorporating quaternary ammonium salts and N-halamine
derivatives, demonstrating  long-lasting
behavior along with impressive particulate FE. The excellent
antimicrobial activity exhibited by the multiscale nanofibers
was attributed to the synergistic effect of the quaternary
ammonium salts and N-halamines (Figure 6B). A similar
approach, involving plasma activation of commercially
available PLA membranes followed by the anchoring of
quaternary groups, was employed by Chen et al'** to develop
antimicrobial water filters with excellent FE.

bacteriostatic

Metal-organic frameworks (MOFs) were also explored to
impart antimicrobial activity to PLA nanofibrous systems.
Recently, Zhu et al'® patterned PLA nanofibers with zeolitic
imidazolate framework-8 by electrospinning
containing both components in different weight ratios and
reported impressive particulate FE and bacterial inhibition in
the nanopatterned PLA-based MOF filters. Composite filters
exhibiting both antibacterial and antiadhesive properties
were fabricated by electrospinning a composite solution of
poly(butylene adipate-co-terephthalate), PLA, and AgNPs.!!¢

solutions

Thus, electrospun nanofibrous membranes derived from PLA
as the base polymer can be used for a wide range of biomedical
applications. The biodegradability of the base polymer aligns
well with the development of sustainable and next-generation
materials. The characteristics of PLA-based electrospun
nanofilters employed for water and air purification applications
are outlined in Table 4.

8. PU nanofibers

PU nanofibers can be synthesized through the chemical
reaction of polyisocyanates with hydroxyl-containing
compounds (polyols). PUs with tailored properties can be
synthesized by adjusting the type of isocyanate and polyol used.
The inherent intermolecular interactions and biocompatibility
of PUs make them suitable for a wide range of applications,
including adhesives, coatings, foams, and medical devices.
Due to their excellent chemical stability, mechanical strength,

Table 4. Electrospun polylactic acid nanofilters and their characteristics
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and efficient mass transport characteristics, PUs are often
used in the fabrication of nanofibers. Unlike thermosetting
PUs, thermoplastic PUs are more suitable for manufacturing
processes due to their temperature-dependent behavior.'”
Electrospun PU nanofiber mats with superior mechanical
properties can be used in a wide range of applications,
including high-performance air filters, wound dressing
materials, protective fabrics, biomedical devices, sensors, and

drug delivery systems.!'

Recently, PU/silicon nitride-based electret nanofiber
membranes, with an average diameter of approximately
350 nm and a narrow diameter distribution—fabricated
via electrospinning—have been developed for wuse as
HEPA filters in window screens.'” The demand for safe
and biodegradable polymers has increased due to growing
concerns over plastic pollution. A safe, biodegradable, and
waterborne PU was synthesized via melt polymerization
of biocompatible monomers and subsequently electrospun
to generate fibrous mats suitable for sustainable food
packaging.'® Similarly, a honeycomb-like polysulphone/
PU nanofiber filter was developed via electrospinning for
the removal of organic and inorganic contaminants from
air streams.'” The composite fibers exhibited enhanced
mechanical strength, FE, and quality factor in comparison

with conventional filters.

The incorporation of antimicrobial nano- or microparticles of
CuO into PU spinning solutions facilitates the development
of antimicrobial filters with improved antibacterial activity.
In another approach, GO-halamine was incorporated into
polystyrene/fluorinated PU nanofibers to improve their
mechanical properties and impart antimicrobial characteristics
against a wide range of bacteria (Figure 6C). These fibers
demonstrated bacteriostatic behavior even after 10 filtration
cycles, making them suitable for use in reusable antibacterial
filters.!”” Electrospun PU-based membranes loaded with
GO-montmorillonite complex exhibited the capability to
remove dyes as well as micro- and nanoplastics from industrial
wastewater.'?

Base polymer Antimicrobial agent Fiber diameter Applications References
PLA - 26-353 nm Particulate air filter (FE>90%) 106
PLA Multifunctional bio-based polymer, P ~1.5-2.0 um Antibacterial polymer membranes 107
(DMHI)
PLA Cyclodextrin 530-990 nm Particulate (FE>98%) and VOC filter 108
PLA TiO, 1.3-1.4 um Antimicrobial air filter (FE>99.9%) 109
PLA TiO, and MOF 0.53-1.06 um Antimicrobial air filter (FE~96%) 110
PLA Ti,C, 1.07-1.19 um Adsorptive removal of Ni ions from water 111
PLA Zn-TiO, 264 nm Antimicrobial air filter (FE>99.9%) 112
PLA N-halamine and quaternary ammonium salt 157-285 nm Antimicrobial air filter (FE>99.9%) 113
PLA Quaternary ammonium salt NA Antimicrobial water filter (FE>99.99%) 114
PLA ZIF-8 MOF 447 nm Antimicrobial air filter (FE 97.1%) 115
PBAT/PLA Ag NPs 253 nm Antimicrobial water filter (FE~99.99%) 116

Abbreviations: AgNP: Silver nanoparticles; FE: Filtration efficiency; MOF: Metal-organic framework; NA: Not available; P (DMHI): Multifunctional click polymer containing dimethyl
hydantoin (DMH) and itaconate (I) moieties; PBAT: Poly (butylene adipate-co-terephthalate); PLA: Polylactic acid; Ti;C,: Titanium carbide; TiO,: Titanium dioxide; VOC: Volatile

organic compound.
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9. PVA nanofibers

PVA nanofibers have long been considered an important
synthetic thermoplastic commercial polymer that is low-
cost, easy to produce, optically transparent, and mechanically
durable.'” Technological advances in electrospinning, similar
to those achieved with other electrospun nanofibers, have
created new opportunities for the development of novel
nanostructured materials. PVA fibers can be synthesized
through a simple electrospinning process. Electrospun PVA
nanofibers exhibit a porous morphology and possess chemical
functionalities that enable particulate adsorption from air
and smoke.'” PVA can function alone or in combination
with suitable substrates or additives to generate composite
membranes with excellent FEs.

Electrospinning of PVA onto spunbonded polyethylene
terephthalate, followed by crosslinking with citric acid, used as
a green crosslinker, yielded air filters capable of withstanding
humid environments.'?® Similarly, composite air filters with
FEs comparable to those of HEPA filters were obtained by
electrospinning PVA fibers over nonwoven fabric for the
filtration of sodium chloride nanoparticles.”” The use of
nonwoven PP fabric as a substrate for PVA electrospinning
can yield eco-friendly air filters with effective particulate
capture.'® PVA composite filters incorporated with cellulose
nanocrystals were reusable after heat treatment for the removal
of PM from airflow.'®!*° In another study, PVA nanofibers
were doped with AgNPs to obtain efficient filter materials
for removing virus-sized particles from the air stream. The
incorporation of AgNPs imparted the filters with improved
FE and antimicrobial properties without compromising
membrane breathability, making this an attractive approach
for the development of an antimicrobial face mask.!*!

Electrospun hybrid membranes composed of PVA and
other polymers, such as cellulose acetate and chitosan, along
with antimicrobial AgNPs, exhibited superior filtration
performance suitable for use as antimicrobial air filters.'*
Des Ligneris et al.** utilized copper as an antimicrobial agent
to develop mixed-matrix PVA electrospun microfilters with
antibacterial functionality. Multifunctional
membranes composed of PVA, chitosan, hydrophilic silica,
and AgNPs have demonstrated excellent performance in air
filtration systems.'*® Multilayered antimicrobial membranes
composed of PVA/chitosan nanofibers and PVA/N-halamine
nanofibers exhibited high FE and superior antibacterial
activity.'** Electrospinning of PV A solutions with other metallic
additives, such as gold and MXene, has also been reported
to generate functional nanofibrous systems."*>!** Recently,
antimicrobial air-conditioning filters suitable for electrically
powered portable tractors were developed by incorporating
1-2% Ag solution into the PVA spinning solution.'’

nanofibrous

In addition to metallic or semiconducting nanoparticles,
other antimicrobial agents have also been explored in the
development of antimicrobial PVA nanofibers. In a previous
study, an aqueous antimicrobial agent, Aquacure—composed
of copper ion and zinc ion—was introduced into the
electrospinning solution to produce antimicrobial fibers. These
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fibers exhibited excellent bactericidal activity against Gram-
positive and Gram-negative bacteria."’® Similarly, Muniz
et al” introduced a tetracarboxylic acid as a crosslinking agent
and benzalkonium chloride as a biocidal agent in the spinning
solution to generate nanofibers on a melt-blown PP substrate.
The resulting composite membrane exhibited improved
bacterial FE and provided protection against the human
coronavirus strain HCoV-229E.

The antimicrobial action and amphiphilicity of ionic liquids
have also been investigated to develop antimicrobial fibers
through electrospinning. Libel et al'* incorporated citric
acid and an imidazolium-based ionic liquid with a 16-carbon
long side chain into the PVA spinning solution to generate
antimicrobial nanofibers. The resulting nanofibers exhibited
resistance to bacterial adhesion and demonstrated bacterial
degradation upon contact. Benzyl triethylammonium chloride
was also used as an antimicrobial additive in the PVA spinning
solution to develop nanofibrous membranes with improved
bacterial filtration.!*! PV A-benzyl triethylammonium chloride
nanofibers were found to be suitable for filtering bacteria and
bacteriophages from contaminated water. In addition, sericin
and Cloisite 30B clay were incorporated into the PVA spinning
solution to generate antimicrobial air filtration masks via
electrospinning.'*

10. Other electrospun polymer nanofibers

In addition to the common polymers discussed in the previous
sections, other polymeric systems and their combinations have
also been investigated for the development of antimicrobial
filters via electrospinning. Ju et al!* integrated AgNPs onto
polyamide-6 electrospun nanofibers deposited on a PP
nonwoven substrate through hydrogen bonding. Surface
nanoroughening induced by AgNPs enhanced both the FE and
antimicrobial and antiviral activities of the filters. Similarly, a
mixture of soy protein isolate, polyamide-6, and silver nitrate
was used as a spinning solution to generate nanofibers exhibiting
antibacterial activity against E. coli and Bacillus subtilis. These
filters, composed of natural and biodegradable soy protein
isolate, exhibited excellent FE and bactericidal activity.'"*

In addition, AgNP-incorporated PAN nanofibrous membranes
have also been reported as antimicrobial filters.**'*¢ Lee et al.'¥’
developed transparent and visible-light-active antimicrobial
air filters by embedding crystal violet dye onto PAN nanofibers
obtained via electrospinning. Devi et al'*® developed metal-
doped electrospun PAN nanofibers with both antimicrobial
and antioxidant activities for air purification (Figure 6D).
ZnO and CuNPs were incorporated into the spinning
solution to generate metal-doped PAN nanofibers, which
were subsequently treated with chitosan solution containing
pseudopeptide thiourea, an agent with combined antimicrobial
and antioxidant properties, to generate air filters.

In a recent study, Choi et al'* developed spinning solutions
containing an ethanolic extract of the herb Sophora flavescens
with different concentrations of PVP to generate electrospun
nanofibers. The resulting herbal extract-incorporated nanofibers
exhibited excellent FE (99.99%) and antimicrobial activity
(99.98%) against S. epidermidis. A spinning solution containing
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cellulose acetate and 1-vinyl-3-butylimidazole bromide polyionic
liquids was also reported to generate antimicrobial nanofibers
for air filters. These nanofibrous filters inhibited S. aureus and
E. coli activity even at low polyionic liquid content.'®

Electrospinning has been demonstrated to be an excellent
method for controlling fiber dimensions, bacterial adhesion,
bactericidal activity, wettability, FE, and surface properties
of antimicrobial filters. The functional properties can be
readily modified by adjusting the composition of the spinning
solution. Strategic optimization of the solution components
can yield nanofibrous filters with antimicrobial activity capable
of filtering a wide range of bacteria and particulates from air
and water streams. The characteristics of diverse polymeric
electrospun nanofibers employed for air and water filtration
are illustrated in Table 5.

11. Effect of antimicrobial fillers on filter
properties

Electrospinning has emerged as one of the most effective
methods for developing air and water purification filters. The

Biomaterials Translational

incorporation of antimicrobial agents directly into the spinning
solution enables the fabrication of filters with tailored fiber
dimensions and scalable production. However, the addition of
antimicrobial fillers can alter the viscoelastic properties of the
polymer solution, thereby influencing the morphological and
functional characteristics of the resulting membranes compared
with unmodified filters. Studies have shown that antimicrobial
fillers can affect the fiber diameter, wettability, porosity, and
antimicrobial activity of the nanofibers. In general, bulky
organic fillers tend to increase fiber diameter, whereas ionic
inorganic fillers often produce finer nanofibers. Amphiphilic
additives, such as ionic liquids and quaternary salts, improve
the wettability of otherwise hydrophobic polymer filters.
Furthermore, antimicrobial fillers significantly influence
the mechanical properties of electrospun nanofibers, with
their incorporation either enhancing or reducing mechanical
strength relative to unmodified polymers.

PVDF exhibits excellent mechanical strength, and the tensile
strength of PVDF nanofibers varies depending on the load
of the antimicrobial agent incorporated into the spinning
solution. Cech Barabaszové et al’' reported that the tensile

Table 5. Electrospun nanofilters manufactured using different base polymers and their characteristics.

Base polymer Antimicrobial agent Fiber diameter (nm)  Applications References
PU Si,N, 350 Window screen in the air filters (FE~79.36%) 120
PSU/PU - ~585 Particulate air filter (FE~99.94%) 122
PS/FPU GO-halamine 184.75 Antimicrobial air filter (FE~99.5%) 123
TPU GO-montmorillonite 380-780 Microplastic filtration (FE>90%) and dye removal from water 124
PVA AgNPs ~434 Antimicrobial air filter (FE>95%) 132
Cellulose acetate/ AgNPs 301-357 Antimicrobial air filter 133
PVA/chitosan (FE 99.78%)
PVA Copper ~617 Antimicrobial air filter 134
(FE 99.99%)
Chitosan, PVA SiO,, AgNPs NA Antimicrobial air filter (FE>97%) 135
PVA/chitosan N-halamine 100-250 Antimicrobial air filter (FE~99.9%) 136
PVA AuNPs 420 Antimicrobial membrane 137
PVA AgNPs 559 Antimicrobial air filter 139
PVA Aquacure 100-300 Antimicrobial water filters 140
PVA Benzalkonium chloride 389-455 Antimicrobial and antiviral air filter (FE~99%) 141
PVA Imidazolium ionic liquid 294 Antimicrobial membrane 142
Sericin/PVA Cloisite clay 300-400 Antimicrobial air filtration mask 144
Polyamide-6 AgNPs 90 Air filter against infectious agents (FE~97.98%) 145
Soy protein isolate/ ~ AgNPs ~450 Antimicrobial air filter (FE~95%) 146
polyamide-6
PAN AgNPs 200-300 Antimicrobial air filters 147
PAN AgNPs 250-400 Antimicrobial air filter (FE~100%) 148
PAN Crystal violet 280 Antimicrobial air filter 149
(FE>99.2%)
PAN ZnO, CuNPs, 350 Antimicrobial air filters 150
pseudopeptide thiourea (FE~30%)
PVP Herbal extract 350-470 Antimicrobial air filter (FE~99.9%) 151
Cellulose acetate Polyionic liquid 400-519 Antimicrobial air filter 152
(FE>97.9%)

Abbreviations: AgNP: Silver nanoparticles; CuNP: Copper nanoparticles; FE: Filtration efficiency; FPU: Fluorinated polyurethane; GO: Graphene oxide; NA: Not available;
PAN: Polyacrylonitrile; PS: Polystyrene; PSU: Polysulfone; PU: Polyurethane; PVA: Polyvinyl alcohol; PVP: Polyvinylpyrrolidone; SiO,: Silicon dioxide; SisNy: Silicon nitride;
TPU: Thermoplastic polyurethane; ZnO: Zinc oxide.
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strength of PVDF nanofibers (55 MPa) decreased to 48 MPa
and 44 MPa upon the addition of ZnO and ZnO-vermiculite,
respectively. The tensile strength remained comparable to that
of the unmodified polymer when chlorhexidine was included
among the fillers. He et al” reported a reduction in the tensile
strength of electrospun PVDF nanofibers on the incorporation
of an antimicrobial drug into the spinning solution. Similarly,
Yao etal’ observed a decrease in the tensile strength of PVDF-
HFP nanofibers from 7.27 MPa to 5.53 MPa when a quaternary
ammonium salt was added as an antimicrobial filler.

In addition, PCL nanofibers showed variations in tensile
strength with the addition of antimicrobial agents. Jaisankar
et al’ reported an increase in the tensile strength of PCL
nanofibers from 8.8 MPa to 9.4 MPa when AgNPs and
5-fluorouracil were added into the spinning solution. Similarly,
theincorporation of the MOF zeolitic imidazolate framework-8
into the PLA spinning solution resulted in an increase in tensile
strength from 15.5 MPa to 27.6 MPa.'”® Thus, the mechanical
strength of electrospun fibers varies depending on the nature
of the antimicrobial agents added. A similar enhancement in
tensile strength was observed for PU-based systems when
GO-halamine (4.48-9.37 MPa)'®* and GO-montmorillonite
(2.6-6.6 MPa)'?* were used as additives. Libel et al.'*® reported
an increase in the tensile strength of PVA nanofibers from
4 MPa to 7.6 MPa when an imidazolium-based ionic liquid
was incorporated as the antimicrobial additive. Likewise, the
tensile strength of polyamide-6 nanofibers increased when
AgNPs were employed as antimicrobial additives.'*

Ionic or inorganic fillers that can effectively interact with the
polymer network typically enhance the mechanical strength
of nanofibers, whereas bulky organic fillers tend to weaken
it. These observations highlight that the type of antimicrobial
additive employed during electrospinning plays a crucial role
in determining the morphology, wettability, and mechanical
strength of the resulting nanofibers. The homogenization
method and solvent system used also influence the integration
of additives into the polymer matrix.

12. Future outlook

Recently, the development of electrospun antimicrobial
filters has attracted significant global attention, as evidenced
by the growing number of publications in the post-COVID
era. Electrospinning offers the flexibility to combine different
base polymers and antimicrobial additives, enabling the
development of a broad range of electrospun antimicrobial
filters with diverse compositions. Most reports describe nearly
100% FE, demonstrating the ability of these filters to remove
pathogens and particulates from both air and water streams.
Although such efficiencies are achievable at the laboratory
scale, several critical aspects require further consideration: the
performance of these filters under real-world conditions, their
long-term stability, and the cost-effectiveness of large-scale
production. Interestingly, electrospun antimicrobial filters
remain scarce in the global market. The selection of abundant
raw materials and the development of economical fabrication
routes are likely key factors for successful translation from
research to commercialization. If cost-effective and highly
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efficient electrospun antimicrobial filters can be developed,
they could have a significant impact on the global market.

The remarkable characteristics of electrospun antimicrobial
fibers can be exploited for a wide range of biomedical
applications beyond air and water filtration. As the fiber
diameters are comparable to those of extracellular matrix
collagen fibrils, these nanofibers can support cell migration and
proliferation. Uniformly distributed nanofibers with excellent
wettability, porosity, and mechanical strength could serve as
promising candidates for the development of wound dressings,
drug delivery systems, and tissue regeneration scaffolds.'>'!*}
The incorporation of photoactive antimicrobial additives,
such as ZnO and TiO,, could further enable their application
in photocatalysis and related fields. Antimicrobial electrospun
nanofibrous membranes have also been reported for use in
wound healing, multimodal therapy, bone repair, nerve tissue
repair, and periodontal regeneration.'” Future exploration
of these applications, with a focus on cost-effectiveness and
translational feasibility, would help address the increasing
global demand for advanced medical devices.

13. Conclusions

In recent years, the development of antimicrobial filters has
gained significant importance, as the world continues to
face challenges related to air and water pollution, as well as
outbreaks of severe pathogens capable of causing pandemics.
Unlike conventional filters that merely remove particulates
and pathogens from air and water streams, antimicrobial
filters not only eliminate pathogens but also inactivate
them, thereby preventing formite formation and secondary
pollution. Electrospinning is an excellent technique for
fabricating micro- to nanoporous filters capable of capturing
both pathogenic microorganisms and particulates from air
and water streams. One of the most attractive features of
this technique is its versatility in incorporating functional
additives to enhance the performance of the resulting filter
membranes. Electrospinning offers remarkable flexibility,
allowing the use of a wide range of polymers as base materials
together with diverse antimicrobial additives. Appropriate
antimicrobial fillers can alter fiber dimensions, wettability,
porosity, mechanical strength, and antimicrobial activity,
leading to filters with FE approaching 100%. Such technologies
hold strong potential for translation into cost-effective and
sustainable filtration systems, particularly for low- and middle-
income countries that are most affected by global pollution and
climate change.
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