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Abstract

The COVID-19 pandemic, caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has stressed the importance of the use of personal protective of personal
protective equipment (PPE). In the present time, face masks, as representative example
of PPE, demonstrated useful significant contribution in COVID-19 pandemic
management effectively. However, these commonly used face masks are made of
materials without inactivation properties against either SARS-CoV-2 or multidrug-
resistant bacteria. Therefore, symptomatic and asymptomatic individuals can infect other
people even if they wear them since some viable microbial loads can escape from the
masks. Furthermore, microbial contact transmission can occur by touching the mask, and
they are an increasing source of contaminated biological waste. In this regard, during the
current pandemic, many researchers have been working on the development of face masks
made of advanced materials with intrinsic antimicrobial properties to avoid these
problems, and thus provide extra protection against pathogens. In this dazzling race
against COVID-19, this review presents the types of commercialized face mask, their
main fabrication methods and treatments, and the progress achieved in the development

of smart antimicrobial face masks.
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1. Introduction

An unprecedented coronavirus (SARS-CoV-2) was first reported in Wuhan, China, in
December 2019 (ref. [1]), causing the coronavirus disease 2019 (COVID-19) pandemic.
SARS-CoV-2 has led to a global pandemic that has resulted in more than three million
deaths around the globe[2]. SARS-CoV-2 can be found in bats[3] and is easily transmitted
from human to human[3]. Human coronaviruses (HCoVs) are usually transmitted via
respiratory droplets, but aerosol, direct exposure to polluted surfaces, or fecal-oral
transmission were also described during the SARS epidemic[4—6]. Direct exhibition of
aerosol particles and beads produced during coughing or sneezing from symptomatic or
asymptomatic patients is the predominant way of transmission of SARS-CoV-2[7].
Indirect contact with tainted surfaces is the second principal route of transmission[8,9]
(Figure 1). This occurs due to the droplets generated while sneezing and coughing, which
can spread 1-2 m and accumulate on surfaces[10].
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Figure 1. Transference routes for SARS-CoV-2 (from Dhama et al.[11])

SARS-CoV-2 can remain viable on worktops between hours and days, depending on the
type of surfaces and environmental conditions[12]. The persistence of SARS-CoV-2 was
studied within 3 hours aerosolization time at room temperature (21-23°C) and a fixed
relative humidity of 65%, and the virus was discernible after 3 hours of
aerosolization[ 13]. The average half-life was measured at 65% relative humidity and 21-
23°C. Aerosols (<5 um) composed of SARS-CoV-2 (10°* TCIDsy/mL) were generated
into a Goldberg drum to create an aerosolized environment and testing samples were
gathered at 0, 30, 60, 120, and 180 minutes post-aerosolization. This experiment resulted
in a half-life estimation of 1.09 hours[13]. A different study showed that aerosolized

SARS-CoV-2 conserved its infectious activity for a duration of 16 hours at room



temperature[ 14]. However, on plastic surfaces such as polystyrene, polyvinyl chloride
(PVC), or teflon, this virus can persist and retain its infectivity for 3-4 days[13,15,16].
On stainless steel surfaces, SARS-CoV-2 persists for 3 days but becomes undetectable
after 4 days[13], while on glass the virus stays infectious for 2 days[15]. Preservation of
the influenza A virus was also studied on personal protective equipment (PPE) like
gloves, gowns, visors, or face masks [17]. Influenza A (HIN1) virus was found to be
infectious after 8 hours on all aforementioned surfaces at 25.2°C and 55% relative
humidity[17]. Due to this kind of study, the permanence of SARS-CoV-2 in PPE was also
studied[18]. It was found that a virus dosage of 10 uL of 10”** TCIDsy/mL was still
detectable on nitrile gloves or face masks after 7 days[18,19], 4 days on chemical-resistant
gloves (typically manufactured with nitrile rubber[20]), 21 days on plastic face masks,
and 14 days on Tyvek and stainless steel under environmental conditions[18]. All these
discoveries led many countries to adopt measures against the illness caused by the SARS-
CoV-2 (COVID-19) transmission. Frequent washing of hands, social distancing, closed
space ventilation, and use of face masks, among others, became crucial means of COVID-
19 prevention[21]. However, a great controversy was thrown up about face mask use at
the beginning of the pandemic[22]. According to World Health Organization (WHO)
guidelines published in January and March 2020[23,24], asymptomatic individuals did
not have the obligation of wearing face masks unless they were in close contact with
contaminated individuals. In April 2020, a WHO report[25] expressed that there was no
statement that wearing a mask (medical or otherwise) if you were in good health would
help avoid contagion of SARS-CoV-2, and did not reach a decision or conceive any
suggestions for or against its usage. Despite this WHO advice, some countries such as
China, South Korea, Japan, and the Czech Republic implemented the utilization of face
masks from the beginning[22]. In different countries, health authorities abstained from
making recommendations regarding the face mask issue at the beginning. That was the
case in countries such as the UK, Germany, Spain, and Mexico[26]. In contrast, on April
4™ 2020 the Centers for Disease Control and Prevention (CDC) recommended people to
wear cloth masks of domestic manufacture in public areas, and included directions on
how to produce and wear them[27]. Eikenberry et al. [28] devised a mathematical model
using data applicable to COVID-19 transmission in two US states (New York and
Washington) and suggested robust welfares to widespread face mask utilization, with
increasing advantages when combined with other measures such as social distancing or

self-isolation. Cheng et al.[29] remarked in their study that in the Hong Kong Special
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Administrative Region of China (HKSAR), wearing face masks for general public was
carried out by population at an early stage of the SARS-CoV-2 pandemic. Due to the
SARS epidemic experience, the general population of HKSAR was in alarm after the
communication of pneumonia cases of unascertained origin in Wuhan, China. This led
them to make and wear cloth masks from the beginning in order to prevent the spread of
the disease[29]. In their study, Cheng et al. found that COVID-19 incidence was
significantly lower within the first 100 days in HKSAR (129.0 per million population)
than that in other countries such as Spain (2983.2), Italy (2250.8), Germany (1241.5), or
France (1151.6), where putting on a face mask was not recommended at the start of the
pandemic. All this controversy may be explained due to asymptomatic infections[30] and
the discovery of the transmission ways for SARS-CoV-2[4-6]. At first, it was thought
that asymptomatic carriers were a minimum amount of people and even that they could
not infect other people[31]. However, since February 2020, there have been reports of
people getting infected with SARS-CoV-2 that had no symptoms of the COVID-19
disease[32,33]. In those asymptomatic patients, for the most part, the viral load has been
equal to that of symptomatic people[34,35], which suggests a similar potential of
transmission[30]. The discovery of aerosol transmission[7] became a call for scientists
and healthcare workers due to the ease of spread for SARS-CoV-2 even for asymptomatic
patients. As explained above, aerosol or direct contact are the main routes of SARS-CoV-
2 transmission[7]. These ways could be more likely than fecal-oral transmission as
explained by Hussain ef al.[36]. There are also reports corroborating that SARS-CoV-1
spreads through the air as the principal transmission route in certain indoor circumstances
and discerning the possibility of similar transference for the novel coronavirus[37]. To
take precautionary steps to control SARS-CoV-2 conveyance, it has been stated that
particles comprising the virus can reach up to 10 m from a transmitter in indoor

environments[38,39] (Figure 2).
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Figure 2. Droplets of greater size than aerosols, when breathed out (at speed <1 m/s), vaporize or fall down less than
1.5 m away. When emitted at high rapidity through coughing or sneezing, bigger droplets can be ejected more than 2
or 6m away, respectively (from Huang, S.[40])

That is the main reason why natural freshening and evading air recirculation should be
put into practice in these places[37,38]. Li ef al.[41] described a situation where aerosol
transmission of SARS-CoV-2 due to bad ventilation in a Chinese restaurant could explain
a COVID-19 outbreak occurring in three non-associated families. On February 2020
WHO pointed out that the proportion of truly asymptomatic patients of COVID-19 was
reasonably unimportant and was not dominant via virus extension[42]. In contrast to this
state, a study published that in a distant village in northern Italy of around 3,000 people,
50-75% of people with a positive diagnose for COVID-19 were completely
asymptomatic[43]. Moreover, this finding was supported with a different work where it
was shown that among 166 people who tested positive for SARS-CoV-2 disease in China
arriving from abroad, 78% were asymptomatic[44]. All this evidence pointed out the
importance of limiting aerosol spreading from not only symptomatic patients but also
asymptomatic carriers to control the spread of the virus, and so face masks became an
important tool in pandemic control. Filters composed of ultrafine fibers with diameter
lower than 10 nanometers have the potential to physically block viruses and bacteria[45].

Furthermore, the composition and nanostructure of these filters can be tailored to achieve
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other important functions such as antimicrobial activity, transparency and degradability,
and highlights the importance of materials science and nanotechnology research on
tackling microbial diseases such as COVID-19[46-51]. Thus, in this systematic review,
we present the most important types of commercial face masks, classified according to
their breathability, bacterial filtration efficiency (BFE), or inward leakage, and the new
trend towards the development of advanced antimicrobial face masks or smart masks
capable of inactivating a virus such as SARS-CoV-2 and bacteria, including the
multidrug-resistant strains. The review also covers the conventional fabrication methods
of conventional and antimicrobial face masks, which are currently very promising to

combat the COVID-19 spread.

2. Fabrication methods and treatments of face mask fabrics

The main fabrication methods and treatments of face mask fabrics such as meltblowing,
spunbonding, electrospinning (Figure 3), and dip-coating are presented in the following

subsections.
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Figure 3. Schematic of meltblowing (a), spunbonding (b) and electrospinning (c) processes.

2.1 Meltblowing

Meltblowing is a fabrication method of micro- and nano-fibers where a polymer or resin
is melted and extruded through hundreds of small nozzles (Figure 3a).
A high-speed blowing gas is used to deposit fibers in a conveyor and forms a nonwoven

web with fibers deposited in a random way[52,53]. Materials such as polystyrene,



polycarbonate, polyester, or polyethylene are suitable for this method. As a result of this
procedure, fibers with small diameters (1-5 pum) and pores with smaller sizes are
manufactured. These kinds of sheets are used for the fabrication of high-quality face

masks, respirators, or cleaning room filters[52,53].

2.2 Spunbonding

During spunbonding, a melted polymer is projected to a conveyor belt (Figure 3b). After
this, fibers are linked together by heating or chemical or mechanical methods to form the
nonwoven fabric. Then, the fabric is wrapped on a reel by the winder[53]. This kind of
fabric is characterized by having a fiber diameter fluctuating between 1 to 50 um.
Polymers as polypropylene, polyester, polyethylene, or polyurethane are appropriate for

this procedure, although isotactic polypropylene is the most widely used[52,53].

2.3 Electrospinning

Electrospinning is characterized by using an electric field to discharge the polymer
solution (Figure 3c). As the polymer goes through the electromagnetic field, it becomes
finer and is accumulated on a flat surface generating a nanofibrous nonwoven net[52,53].
It has been stated that the diameter of fibers formed by this method is about 100-500 nm,
where differences can be found caused by electrostatic forces or polymers’
viscoelasticity[53]. Polymers like polyvinyl pyrrolidone, polyvinyl alcohol,
polyacrylonitrile, or polystyrene are suitable for electrospinning. Moreover,
biocompatible and biodegradable polymers are also appropriate, such as polylactic

acid[52-54]

2.4 Dip-coating
Dip-coating is an easy and cost-effective method to produce and treat non-woven fabrics.
It consists of an accumulation of a thin, uniform layer of a mixture containing metallic
particles, biomolecules, or polymer fibers to create a covering coat on the substrate

(Figure 4).
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Figure 4. Schematic of dip-coating process (from Pullangott et al. [52])

The dip-coating process is divided into five different phases: material submersion, start-
up, and displacement, followed by seepage and evaporation[52]. This procedure is
appropriate for horizontal or plane surfaces, but is not suitable for coating a unique side

of an item[52].

3. Face mask types

The most important face mask types are shown in Figure 5.
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Figure 5. Different types of face masks commercially available worldwide: a) Hygienic face mask; b) Surgical face

masks design; ¢) FFP1 face mask; d) KN95 face mask; e¢) N95 face mask; f) FFP2 face mask; g) FFP3 face mask

They are protective tools made to use by the population to avoid the transmission of
pollutants and/or biological infectious particles. A summary of the different categories of
face masks commercialized internationally according to their material, breathability,

bacterial filtration level, and internal leak rate is provided in Table 1.

Table 1. Types of face masks.

Face Bacterial | Internal
Material Breathability Ref.
Masks filtration | leak rate
FFP1 Flexible paper No data available >80% <22% [71-80]
Non-woven spunbond and [71-
FFP2 meltblown fabric. Sometimes No data available >94% <8% 76],
they include a PP cotton layer. [81-84]

Non-woven fabric, hot air

1 > ) 0,
KNO95 cotton and meltblown fabric No data available >95% <8% [85]
Non-woven spunbond and [7761]-
FFP3 meltblown fabric. Sometimes No data available >99% <2% [80]’
they include a PP cotton layer. 82]
.. Five layers of non-woven ) o No data
Hygienic fabric <60 Pa/cm >95% available [52-57]
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Surgical Non-woven and meltblown 2 o No data [471,

type | fabric <40 Pajem 295% available [58-70]
Surgical Non-woven and meltblown 2 No data [47]
>089 ’

type 11 fabric <60 Pa/em 298% available [58-70]
Surgical Non-woven and meltblown 2 No data [47]
>089 g

type IR fabric <60 Pa/em 298% available [58-70]

The American Society of Testing and Materials (ASTM) F2100 standard specifies the
performance criteria for materials used for the fabrication of commercial face masks[55].
Thus, since face masks provide protection against airborne particles, pathogenic
microorganisms, secretions, and body fluids by physically impede their pass from
breathable air, several material performance characteristics have to be analyzed:
particulate filtration efficiency (PFE), bacterial or viral filtration efficiency (BFE) using
a six-stage Andersen sampler (see Figure 7 in Ref.[56]), fluid resistance, differential
pressure, and flammability. Another parameters used for mask manufacturers is the viral
filtration efficiency (VFE) that can be measured also with the Andersen sampler.
Moreover, when face masks are made of materials or contain any chemical compound
that may be toxic for humans, cytoxicity tests are recommended to be performed

according to the Norm ISO-10993 standard[57].

3.1 Hygienic masks

Hygienic masks (see Figure 5a) are usually manufactured with five layers of non-woven
fabric[58]. These masks include two layers of non-woven spunbond fabric in the outer
side of the mask, two layers of non-woven spunlace fabric and, finally, one layer of non-
woven spunbond fabric in the interior side[58]. Due to the situation experienced
worldwide caused by the SARS-CoV-2 pandemic, new systems and products are being
used as an impediment for virus transmission, together with social distance measures[59].
This is the case of hygienic face masks, which cannot be considered a piece of sanitary
equipment according to UE/2017/745 regulation, or a piece of personal protective
equipment according to UE/2016/425 regulation[60]. There are some regulations that
hygienic mask manufacturers must follow related to materials used in their production or
usage: UNE 0064-1:2020 deals with requirements of materials, design, and usage of
hygienic face masks in adults[61]; UNE 0064-2:2020 specifies the same as UNE-EN
0064-1:2020 but pertains to children[62]; and UNE 0065:2020 concerns the requirements

of materials, design, and usage of reusable hygienic face masks in adults and children[63].
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Hygienic face masks provide their users with a bacterial filtration efficiency equal to or
greater than 95% in the case of disposable masks, or equal to or greater than 90% for
reusable ones[59]. They also offer a breathability of < 60 Pa/cm” [59]. These two
conditions make these masks a double-protective barrier (inside-outside and outside-

inside)[60] that allow users to carry on with everyday life while being protected.

3.2 Surgical masks

Surgical masks (see Figure 5b) are usually manufactured following the 3-ply (three
layers) design, with two layers of non-woven fabric including a meltblown fabric between
them[64]. The meltblown layer is the one that provides this kind of mask with its filtering
activity[65]. Surgical face masks are made to supply their users with an impediment to
splatters and droplets that collide with the wearer’s nose, oral cavity, or respiratory
tract[66]. Surgical face masks are not classified as respiratory protection equipment
(RPE) because they do not offer screens against aerosol particle infection[67]. However,
this kind of mask is made to prevent wearers from contamination of the surrounding
environment, as they minimize the transmission of infectious agents outside the
mask[68]. To be considered safe to use, surgical face masks must be manufactured
according to the following technical regulations: UNE-EN 14683:2019, which specifies
requirements about structure, design, operation requirements, and essay methods[69];
UNE-EN ISO 10993-1:2010 that determines the technical criteria for the biological
evaluation of healing devices[70]; UNE-EN ISO 11737-1:2018, about the determination
of microorganism populations on products[71]; UNE-EN ISO 15223-1:2017, regarding
icons to be used on tags of medical devices and data to be provided[72]; and UNE-EN
1041/2009 & A1:2014, which clarifies essentials to be provided by the fabricator on
sanitary equipment [73]. All these technical criteria make surgical face masks be able to
be evaluated according to requirements such as bacterial filtration efficiency (BFE),
breathability, splash resistance, or microbial cleanliness[68].

A study of the interactions of the incoming droplets over 3-layer surgical masks in terms
of wetting signature, adhesion, and impact dynamics of water droplets and microbe-laden
droplets have shown similar interfacial characteristics for the front and the back side of
the mask[74]. According to regulation UNE-EN 14683:2019 & AC:2019[69] about

surgical face masks, we can find three distinct categories of surgical masks as a result of
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comparing their bacterial filtration efficiency, differential pressure, splash resistance

pressure, and bacterial load (see Table 2).

Table 2. Requirements for different types of surgical face masks. (Adapted from Santarsiero ez al. 2020 ref.[68]).

SURGICAL FACE MASKS
ESSAY TYPEI | TYPEIl | TYPEIIR
Bacterial filtration efficiency (BFE) % >95 >98 >98
Differential pressure (Pa/cm®) <40 <60 <60
Splash resistance pressure (kPa) - - >16
Bacterial load (UFC/g) <30 <30 <30

Type I surgical face masks should be used only by sick individuals with intention of
decreasing the risk of transmission of infections, primarily during an epidemic or a
pandemic[68]. Nevertheless, the dimensions and density of SARS-CoV-2 in aerosols
produced during coughing or sneezing are still unknown[75], and some authors observed
that surgical masks may not be able to adequately filter particles generated in aerosols
measuring 0.9, 2.0, and 3.1 wm[76]. Lee et al. demonstrated that particles 0.04 to 0.2 um
can pass through surgical mask filters[77], and, presuming that SARS-CoV-2 has
comparable dimensions to SARS-CoV (0.08 to 0.14 um[78]), it is plausible to think that

surgical masks are improbable to successfully filter this new coronavirus[75].

3.3 FFP Masks

Filtering face masks are used by individuals to supply them with respiratory
protection[66]. The European standard for filtering face masks lists three classes of
filtering face pieces (FFP): FFP1, FFP2, and FFP3[79] (see Table 1). FFP masks are often
manufactured following the spunbond-meltblown-spunbond (SMS) rule[80]. This means
that the basic diagram for this kind of mask is made with three layers: two non-woven
spunbond fabric layers in the outer and interior side of the mask, and a non-woven
meltblown fabric layer in the middle of the spunbond films[81]. Sometimes FFP masks
also include a PP cotton layer between the outer spunbond layer and the meltblown

sheet[80].
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FFP masks are produced to protect their users from toxic particle or pathogen inhalation
[82]. This kind of protection is regulated by personal protective equipment rules (UE
2016/425 regulation)[83] and their technical standards are detailed in UNE-EN 149:2001
and A1:2010 regulation[84], which specifies information about particles leakage,

inflammability, or carbon dioxide content, among others.

3.3.1 FFPI

FFP1 masks (Figure Sc¢) are usually made of flexible paper to offer protection and
comfort to users against non-toxic powders[85—87]. They are used in environments where
high amounts of dust are raised into the air, usually involving activities such as
construction, cleaning, or sweeping[86,87]. They do not protect against hazardous dusts,
gases, or vapors[86,87]. FFP1 masks provide their users with an aerosol filtration of at

least 80%, and their internal leak rate is less than 22%][88].

3.3.2 FFP2

FFP2 masks (Figure 5f) are the most widely used facial-covering accessories in
healthcare[89]. These kinds of masks are high-filtration masks that intend to filtrate at
least 94% of scraps as petite as 0.3-0.6 um in diameter[90]. FFP2 masks can filtrate 98.8-
99.8% of particles measuring 0.04-150 wm in diameter[91]. The fact that respiratory
viruses move through the air in aerosols linked to the effective filtration capacity of FFP2
masks explains their excellent viral protection despite pulmonary viruses (together with
SARS-CoV-2) being smaller than the filtration standard[91]. FFP2 masks provide an
aerosol filtration >94% and their inward leakage is <8%[88]. FFP2-type filtering masks
should be saved for healthcare employees when carrying out medical strategies on the

respiratory tract or other procedures with a risk of generating aerosols[92].

3.3.3 KN95 and N95

KNO95 face masks (Figure 5d and 5e) are manufactured according to standards for FFP
masks that are guaranteed in China and the United States, respectively. KN95 maks are
controlled by the Chinese government under regulations GB2626-2006, GB262-2019,
and GB19083-2010. KN95 masks provide users with five-layer protection. Layers are
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made from non-woven fabric, hot air cotton, and meltblown fabric[93]. Under these
regulations, KN95 face masks offer a >95% protection against particles bigger than
0.3um and an internal leakage lower than 8%. It is important to mention that requisites
for KN95 face mask certification are almost the same as the requirements for US N95
FFP masks, which is why KN95 and N95 face masks provide same levels of protection
to their users[93].

334 FFP3

FFP3 masks (Figure 5g) are the most protective of the FFP class masks[90]. Although in
many countries such as the US, FFP2 masks are accepted in the stoppage of air
transmission of infectious diseases, FFP3 masks are the only FFP masks accepted for
protection against infectious aerosols in the UK[90]. This kind of FFP mask offers a
filtration of at least 99% of particles, and they have the smallest inward leakage, <2%[88].
FFP3 respirators are recommended to be replaced after each use, if respiring becomes
laborious, if the mask looks defective, or if it becomes contaminated with respiratory

excretions or different body fluids[90].

4. Antimicrobial face masks

Face masks possess the capacity of restricting pathogens propagation and can prevent
them reaching the respiratory system through the nose or mouth[94,95]. Most commercial
face masks are currently manufactured with materials that are not endowed with
antimicrobial properties, and thus do not reduce the risks of getting infected through
bacterial or viral contact, or aerosol transmission. In this regard, many researchers have
worked on the development of advanced face masks or smart masks capable of
inactivating virus and bacteria. Thus, in 2007, Biedermann patented a face mask with a
filter of non-woven polypropylene or polyester fabric, which involves an acidic polymer
(Carbopol or Gantres type) coating the fibers that confer the mask an antiviral activity
with up to 99.9% reduction in influenza A (H5N1) virus titer after 1 min incubation [96].
The major benefit of this invention is that its antiviral ability can be such that an oral
and/or nasal filter can be manufactured in a lightweight way[97]. Moreover, filter
materials of the device can be effective against pathogens or viruses such as Influenza A

virus, SARS, RSV, bird flu, or mutated serotypes of these[97].
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In 2011, a different study presented a replacement of the cellulosic filter layer of
commercial face masks with a modified filter by poly(ethylenimine) that conferred
antimicrobial properties to it[98]. Filters including this treatment showed a 5 logio
reduction for T4D bacteriophage virus of Escherichia coli after 1 hour of contact time.
Moreover, high antiviral activity against HSN2 was also described[98]. In 2012, Davison
designed a new line of face masks (BioFriend"™ BioMask™) that was demonstrated to
quickly inactivate many pathogen viruses, bacteria, or fungi. These face masks are
composed of four layers: the outer one of spunbonded polypropylene, the second sheet of
cellulose/polyester, the third cover of meltblown polypropylene, and the inner one made
of spunbonded polypropylene. The first and second layers were treated with two different
antimicrobial compounds not detailed in this work, but face masks showed more than
99.4% reduction for virus tested and more than 88% reduction for bacteria[99].

In 2017, Hyo-Jick Choi’s group discovered a new coating method for face masks filters
using simple salt (NaCl) that showed high efficiency to deactivate viruses like influenza
[100,101]. They reported that this destruction ability is due to the natural recrystallization
of salt on these surfaces[100,101]. In this regard, much progress has been achieved on the
development of antimicrobial face masks capable of inactivating viruses such as SARS-
CoV-2 in the current COVID-19 pandemic, and even multidrug-resistant bacteria, which

are reviewed in Table 3.
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Table 3. Antimicrobial face masks.

. Antimicrobial Antiviral Antibacterial . Cytotoxicit - Bacterial
Material . . . e Pore size y x1C1ty Breathability . Year | Ref.
agent activity activity (cell line) filtration
Non-woven Acidic polymer of the Yes (against Influenza Passed for
polypropylene or | Carbopol or Gantres | A virus, SARS, RSV, | No data available No data No data Passed for NIOSH | ;1 5q11 Nos 2007 | [96]
. available available N95 requirements .
polyester type or bird flu) requirements
Yes (against Human Passed for
Polypropylene and Copper oxide Influenza A virus and No data available No.data NO. data Passed for. NIOSH NIOSH N95 2010 [97]
polyester .. . available available N95 requirements .
avian influenza virus) requirements
Yes (against T4D No data
Cellulose Poly(ethylenimine) bacteriophage virus No data available 1-100 pm . No data available | No data available | 2011 [89]
available
and H5N2)
P;)(l)}lf}(l)ll)igl;yflisfés, Passed in
? . . Yes (against Influenza Yes (bacteria not No data accordance with
polyethylene, and Silver ions A virus) mentioned) 60-100 pm available Passed ASTM F2101-07 2012 [100]
poly 1-butene >95%)
fibers (295%
Yes (against influenza .
. Yes (against
A and B viruses, Passed for EN
Polypropylene, Not data available | paramyxovirus, SARS- | MROA M. terrae, No data No data 14683:2005 99.9% 2012 | [90]
cellulose, polyester S. pneumoniae, available available .
CoV and herpes . requirements
. . and H. influenzae)
simplex virus)
. . . No data No data . o [91],
Polypropylene NaCl Yes (influenza viruses) | No data available available available No data available ~85% 2017 [92]
Cotton and non- Yes (VERO cells
woven Graphene nanoplatelets Yes (against SARS- Yes (against No data and A549 . .
polyurethane or Graphene oxide CoV-2) E.coli) available pulmonary tumor No data available | No data available | 2020 [103]
material cells)
Low-cost .
electrothermal Graphene layer No data available Yez(agﬁlnst No.ii at? NO. data No data available | No data available | 2020 [102]
mask .coli) available available
. Yes (against
Polypropylene Benzalkonium chloride Yes (against SA.RS_ MRSA and 10-50 um NO. data No data available Not tested 2021 [93]
CoV-2 and phi 6) MRSE) available
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Shellac/copper

Yes (viruses not

Yes (against

No data

No data

36% for ~300 nm
particles and

Polypropylene nanoparticles mentioned) E.coli) available available Passed 81% for ~1 pm 2021 (1]
particles
Yes (against E.coli
. EVA-SiO,-Ag Yes (against SARS- and No data No data . .
No data available composite CoV-2) Staphylococcus available available No data available | No data available | 2021 [103]
aureus)
Glycyrrhetinic acid and Yes (against Hepatitis No data No data Ensures good
Synthetic polymers ey . C virus, SARS, RSV, No data available . . £0 No data available | 2021 [116]
glycyrrhizin HIV) available available breathability
. >91%. Passed for
Polypropylene Copper nanoparticles Yes (against SARS- No data available Nohdata NO. data No data available EN143 and 2021 [99]
CoV-2) available available
EN149 standards
. Yes (against HAdVS Yes (against K. No data Yes (cell line not . .
No data available Polyphenols and HCoV229E) preumoniae) available mentioned) No data available | No data available | 2021 [117]
TiO, nanotubes as
fillers into 711.2£190.9
chitosan/poly(vinyl | TiO,/chitosan/poly(vinyl . Yes (against S. nm for No data Breathability level o
alcohol) polymeric alcohol) No data available aureus) TiO,/Cs/PVA available very reasonable 93% 2021 [46]
electrospun layer
nanofibers
T‘xﬁ;gﬁiiiaﬁ;le Comfortable
nanofiber mats Coating of cat}omcally . . Average pore No data breathability level 98.3% of 2.5 um
. . charged chitosan No data available No data available sizes of 0.51- . (low pressure 2021 [103]
integrated into a . available . . PM (NO5 level).
nanowhiskers 13.1 pm, differential of 59
Janus membrane Pa)
filter a
Superhydrophobic, | High-density edges of No data No data
photo-sterilize, and standing structured No data available No data available . . No data available 100% 2021 [104]
available available
reusable masks graphene nanosheets
Superhydrophobic,
photo-sterlllze,. and Few-layer graphene No data available No data available Nohdata NO. data No data available | No data available | 2021 [105]
reusable surgical available available

masks
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Thus, new generation antimicrobial face masks have been developed using different
antimicrobial materials such as benzalkonium chloride[106], metal and metal
oxides[107—-116], carbon-derived materials[117-123], photoactive materials[124],
natural compounds[125-130], and biodegradable compounds[54,103].

4.1 Benzalkonium chloride

Very recently, the first face mask filter capable of neutralizing SARS-CoV-2 in one
minute and multidrug-resistant bacteria such as methicillin-resistant Staphylococcus
aureus and Staphylococcus epidermidis has been developed as a new promising tool to
strop the increasing COVID-19 spread[106]. Marti et al. discovered that treating non-
woven spunlace fabric filters by the dip-coating method[131] with quaternary
ammonium, benzalkonium chloride (BAK), is an efficient and economic tool to face the
current SARS-CoV-2 pandemic, since this treatment provides filters with superior
antiviral properties due to the ability to inhibit SARS-CoV-2 after 1 minute of contact
(see Figure 6a)[106].
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Figure 6. Decrease of infectivity of SARS-CoV-2 after 1 minute of contact using Vero cells (a) Not-treated filter (U
filter), filter with an ethanol 70% treatment (S filter), filter with the BAK covering (BAK filter) and control via the
TCID50/mL method (from Marti et al.[106]). Antibacterial tests against MRSA and MRSE (b) Not-treated filter (U
filter), filter with an ethanol 70% treatment (S filter) and filter with the BAK covering (BAK filter) after 24 hours of
culture at 37°C (from Marti et al.[106]).

Moreover, BAK treatment supplies filters not only with antiviral properties but also with
antibacterial activity [106]. This group has demonstrated that their novel filters are
capable of inactivating multidrug-resistant bacteria such as methicillin-resistant
Staphylococcus aureus and Staphylococcus epidermidis (see Figure 6b)[106]. These

bacteria represent a rapidly growing danger because, according to the WHO, antibiotic
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resistance will become a major cause of death by the year 2050, even surpassing other

considerable illnesses like cancer[132].

4.2 Metal and metal oxides

During the SARS-CoV outbreak in 2002, infections through contaminated PPEs surfaces
were around 20% of total infections among healthcare workers[133]. For this reason,
researchers started exploring options that could reduce the spread of infections by coating
PPEs with antimicrobial substances[107]. With this in mind, scientists realized that metal-
based nanoparticles possess antibacterial and antimicrobial capacities[107,108]. Thus,
research led to discoveries of metals such as silver, copper, or zinc with the ability to
restrict virus spread by incorporating them in PPEs[107,108]. It was shown that copper
and copper oxide have strong antiviral properties[109], even when facing SARS-CoV-
2[134]. It is also known that by making use of a non-woven fabric permeated with copper
oxide particles, 99.9% of Human Influenza A (HIN1) and Avian Influenza Virus (HIN2)
virions were non-infectious after 30 minutes of contact[110]. That was the reason why,
in a different study carried out by Borkow et al.[110], copper oxide particles were

integrated in FFP1 medical respiratory masks (see Figure 7).

Figure 7. Antimicrobial face mask with a copper oxide coating. a) This mask is made up of 2 external (A and D)
spunbond polypropylene layers which include 2.2% copper oxide particles (weight/weight), one inner (B) meltblown
polypropylene layer comprising 2% copper oxide particles (w/w), and a polyester one (C) with no copper oxide
particles. b) Outer layer A image with scanning electronic microscope. ¢) Internal layer B picture with scanning

electronic microscope. (Adapted from Borkow et al. [110])

This group has demonstrated that copper oxide particles do not modify a mask’s filtration
properties but do kill the remaining virions in the mask[110]. This is highly important due
21



to the infectious capacity of the residual virions in the mask, which is capable of being a
wellspring of viral transference to the mask bearer and to others, as remarked by the
WHO[111]. Jung et al. also reported a copper-coated polypropylene filter for face masks
with antiviral activity against SARS-CoV-2[112]. They deposited the copper thin films
on the spunbond fabric by a direct current magnetron sputtering system and concluded
that the filtration efficiency for these masks was higher than 91% and SARS-CoV-2 was
inactivated after 1 hour of contact[112].

Shibata et al. patented a face mask whose intermediate layer included polyolefin fibers
containing an inorganic antimicrobial agent[113]. These authors propose the use of
inorganic antimicrobial materials in which metals possess an antibacterial and antiviral
effect, such as silver, copper, zinc, or titanium oxide [113]. The suggestion of applying
these compounds on inorganic carriers that do not exhibit any effect of deteriorating fiber
sheets was made by Shibata et al.[113]. Zeolite and zirconium phosphate are
recommended as the most suitable[113]. This face mask is manufactured in order to avoid
secondary infections with pathogens because, when breathing, airborne droplets which
contain bacteria or viruses flow directly to the fiber sheet containing the antimicrobial
agent, since the first layer is made of hydrophobic fibers[113].

It is highly important to remark that important antibacterial activity was described for
metal oxide nanoparticles and their composites[114,115]. This aptitude was reported as
the capacity to produce reactive oxygen species (ROS) causing subsequent oxidative
stress in cells[114,115]. In this context, Assis et al. presented a new composite with high
antiviral activity, composed by a polymer matrix constructed from SiO, anchored with
silver nanoparticles [116]. Results obtained from this group’s experiments showed signs
of high antibacterial activity against Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) and antiviral (SARS-CoV-2) activity [116]. As this advanced SiO,-Ag
composite shows highly remarkable advantages for its use as a material biocide, and
dismissal of SARS-CoV-2, Assis’ group propose the use this material as a component for

manufacturing reusable face masks[116] (see Figure 8).
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Figure 8. Reusable mask manufactured using the EVA-SiO2-Ag composite (Assis et al.[116]).

4.3 Carbon-derived and photoactive materials
Carbon-derived nanomaterials such as graphene oxide (GO) sheets or graphene oxide
sheets with silver jots have been demonstrated to possess antiviral properties[135]. GO
sheets with silver particles are known to have antiviral properties against enveloped and
non-enveloped viruses, while GO sheets on their own were proved to prevent infection
of an enveloped virus[135] such as SARS-CoV-2[136]. Thus, De Maio et al. described
graphene-based face mask capable to inhibit the infectivity of SARS-CoV-2[118]. In
addition to its antiviral properties, bacteria that rub against graphene surfaces are also
known to lose integrity[119,120]. Graphene has been described to interact with viruses
by hydrogen bonding, electrostatic interactions, and redox reactions[121]. Moreover,
numerous graphene-derived substances possess the capacity to adsorb charged lipids and
dismantle membranes like the ones belonging to SARS-CoV-2 [122,123,135]. De Maio
and colleagues verified that water-soluble GO inter-reacts with SARS-CoV-2 viral
particles and decreases its infectivity in the in vitro model of Vero cells[118]. According
to these results, this group decided to design an effective surgical face mask where
graphene and graphene oxide was integrated in these materials[118]. Kumar et al.[124]

reported a novel antimicrobial face mask (see Figure 9).
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Figure 9. Surface modification of pristine surgical masks: (a) Representative image of the individual FZ‘\(h)/lmponents of
the photoactive antiviral mask (PAM) composed of a commercial surgical mask coated with the nanocomposite; (b)
Scheme of the setup of the spray-based microfluidic device designed to mix the copper nanoparticles (CuNPs)
dispersion and shellac at the junction for the controlled deposition of the nanocomposite on nonwoven fibers of the
pristine surgical mask.; (c) Scheme of the inactivation of viral particles in respiratory droplets via photothermal,
photocatalytic, and hydrophobic self-cleaning after solar irradiation. (d) Macroscopic image of the photoactive antiviral
PAM mask.; (e) Scanning electron micrographs of the commercial surgical masks with propylene nonwoven fibers
(left) and the antiviral masks with shellac—CuNPs nanocomposite-coated nonwoven fibers (right). (White scale bar at
10 um); (f) Macroscopic images of a colored water droplet of 30 uL placed on the pristine mask (top) and PAM (bottom)
after 1 h. (Kumar et al. [124]).

This mask included a hydrophobic supplement with photoactive nanocomposite
modification by covering the polypropylene non-woven fabrics of profitable face masks,
which is able to fracture the plasma membrane of virus-like particles under daylight[124].
This nanocoating for face masks consists of a hybrid of shellac/copper nanoparticles,
where shellac is a natural biopolymer including a combination of polyhydroxy,
polycarboxylic esters, lactones, and anhydrides, and its use is widely extended as a
bioadhesive or biocompatible coating material [137—139]. Moreover, it includes copper
nanoparticles, as they are demonstrated to possess a quick and elevated microbicidal
activity against pathogens, and also encourage photocatalysts[140—142]. The effect of
this new antiviral and antibacterial lies in the capacity of shellac to absorb light in UV-
visible regions[124]. This aptitude makes the mask able to elevate its surface temperature
above 70°C within 5 minutes when exposed to sunlight, a temperature which is adequate
for SARS-CoV-2 inhibition[124]. The antiviral activity of carbon-based materials has
also been attributed to a photothermal antiviral mechanism and/or reactive oxygen species

generation[143]. A method for functionalizing commercially available surgical masks by
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a dual-mode laser-induced forward transfer method to deposit few-layer graphene onto
nonwoven fabrics with superhydrophobicity, and outstanding self-cleaning and

photothermal properties has been reported[105] (Figure 10).

Intensity (a.u.)

1000 2000
Raman Shift (cm™)

Figure 10. Representative image of the laser-fabricated graphene mask. (a); Scanning electron microscopy of the
graphene-coated nonwoven fiber of the graphene mask at two magnifications: image with white scale bar at 10 pm and
zoom-out image with white scale bar at 100 um. (b); Raman spectroscopy of the graphene-coated mask. (c); Contact
angle on the graphene-coated mask measured using liquid water. (d); Representative images of the self-cleaning
performance of the black graphene coated mask (right), compared to the uncoated blue mask(left) (e) (Zhong et al.

[105]).
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These masks can be reusable after sterilization under sunlight illumination because they
can rapidly reach over 80°C. A novel low-cost electrothermal mask with excellent self-
sterilization performance was fabricated with a cloth tape with a graphene layer [102].
The operation under a low voltage of 3 V, the mask can quickly generate large amounts
of heat to achieve a high temperature above 80 °C, which could kill E. coli. Another
superhydrophobic, photo-sterilize, and reusable mask based on graphene nanosheet-
embedded carbon film has been recently developed with high-density edges of standing
structured graphene nanosheets[104]. This carbon-based mask exhibited excellent 100%
filtration efficiency, hydrophobic ability (157.9° of water contact angle) and fast photo-
sterilize performance (up to 110 °C) under the solar irradiation. Most face masks are made
of hydrophobic materials such as polypropylene (PP) in order to reduce adhesion (see
Table 1 and 2). However, face masks treated with a superhydrophobic coating may not
be the best selection because it can give rise to a number of smaller daughter droplets that
can linger in air for longer times and can increase the chance of microbial

transmission[74].

4.4 Natural compounds

Natural compounds such as licorice root extract was employed by Chowdhury and
colleagues to design and manufacture a new antiviral face mask with antimicrobial
features conferred by glycyrrhetinic acid and glycyrrhizin[129]. It was described before
that glycyrrhizin was the greatest effective substance of licorice root in inactivating the
SARS related virus[127]. Glycyrrhizinic acid is a triterpenoid saponin that is also set apart
from licorice root and has been proven to be effective against human viruses such as
Hepatitis C Virus[126]. Moreover, researchers described that this compound could also
deactivate SARS-CoV-2 and restrain its replication[128]. According to all these
discoveries and the necessity of prevention in the COVID-19 issue, Chowdhury’s group
decided to create this novel face mask (see Figure 11) to avoid the spread of the

virus[129].
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Figure 11. Diagram of licorice-treated face mask production. (Chowdhury et a/.[129])

Passaglia’s group reported an innovative manner to improve the blocking effect of
surgical masks[130]. Their discovery consisted of a combination of bioactive composites,
principally polyphenols, obtained from agronomical origins, which are accumulated in
the external surface of the surgical mask and provide it with virucidal properties[130].
This group hypothesizes that the cooperation of polyphenols with the beta structures of
protein S of SARS-CoV-2 could lead to structural modifications that could forestall the
offensive of the virus into the host cell[130]. Furthermore, many applications of
polyphenols for treating of materials to confer antiviral properties were described before
[125]. For this reason, these authors thought that operation of these polyphenolic
compounds on the outer layer of medical equipment, such as surgical masks, was
expected to provide them with antimicrobial properties by inactivating virions and
reducing the possibility of causing cross-contamination[130]. In addition, this group
confirmed the antiviral function of these natural composites that can be used in order to
enhance the barrier effect of surgical masks[130]. They demonstrated that human viruses
such as human adenovirus HAdVS5 or human coronavirus HCoV229E were sensitive to
compounds with a valuable content of polyphenols, such as hydroalcoholic extracts of

clove blossoms, olive leaves, or green tea[ 130] (see Table 4).
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INITIAL VIRUS TITER AFTER LOGI10 PERCENTAGE
TITER TEST (TCID50+SD) | REDUCTION | REDUCTION
Clove buds
extract HAAV5 5.40E+04+1.60E+04 | 2.33E+03+2.10E+03 1.36 95.60%
Clove buds
extract 7.77E+03+6.61E+03 | 5.27E+03+0.91E+03 0.16 32.2%
HuCoV229E
Olive leaves 0
extract HAAVS 5.40E+04+1.60E+04 | 4.58E+03+3.33E+03 1.07 91.50%
Olive leaves
extract 7.77E+03+6.61E+03 8.43E+02+0 0.96 89.15%
HuCoV229E

Table 4. Results of antiviral assays carried out on HAdVS and HuCoV229E employing clove bud and olive leave
extract. No time of contact is described. (Adapted from Passaglia et al.[130]).

Two biodegradable microfiber and nanofiber mats were integrated into a hierarchical
multiscale hyperporous membrane (Janus membrane) coated by cationically charged
chitosan nanowhiskers to produce a biodegradable, moisture-resistant, high breathability
(low pressure differential of 59 Pa), and high-performance fibrous mask filter that
decomposes within 4 weeks in composting soil. Although the antimicrobial activity of
chitosan is well-know[144,145], further research is necessary to test the antimicrobial

properties of this mask filter[103].

5. Future trends

COVID-19 has affected the world severely, claiming many lives and has shown the
importance of illness prevention. When SARS-CoV-2 emerged around the globe, none of
the countries were prepared for facing such a tough virus. Preliminary inadequate research
on the nature of the virus, its survival, and transmission rate from surfaces to humans
caused the outbreak. Therefore, it is extremely important to respond quickly to actual
pandemic, combine efforts to produce and transform knowledge into products as well as
to streamline the use of these new tools and technologies for the prevention of future
outbreaks and any global health emergencies. In addition, a lack of personal protective
equipment (PPE) including gloves, safety glasses, respirators, bodysuits, or face masks
was the major obstacle in fighting virus at the beginning of the COVID-19 pandemic. It
is important to mention the initial discrepancies between governments in different
countries and the WHO in terms of covering the mouth and nose with face masks for

preventing the spread of COVID-19. At first, WHO recommended face mask use only in
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symptomatic patients or people taking care of them. Symptomatic and asymptomatic
spread from one person to the other leads to the global spread, which needs to be
diagnosed at an early stage without any invalid results. Discovery of viral transmission
through asymptomatic carriers led governments and WHO to, at first, recommend
wearing masks to general population and, finally, to become an obligation for all citizens.
Many studies have drawn attention to the efficiency of wearing face masks to prevent the
transmission of viruses such as influenza virus or even SARS-CoV-2 itself. It has become
crucial to avoid the transmission of micro-and/ or macro-organisms responsible of
potentially fatal diseases. Their prevention remains a prominent threat to the public health
through precautions and keep premises hygienic using high-performance anti-viral
materials to trap and eradicate SARS-CoV-2. Viruses are not the only microorganisms
able to cause diseases on a global scale. Multidrug-resistant bacteria are emerging as a
highly notable cause of death, and they are expected by WHO to exceed cancer as a cause
of death by the year 2050. Researching this issue is another challenge for scientists in the
coming years. A possible discovery of treatments against this kind of resistant bacteria
would result in multiple benefits, especially for healthcare workers, protecting them
against infections that may cause severe problems. In the current context, the prevention
of the contamination and transmission of pathogens, including viruses, bacteria, and
fungi, are a priority. In fact, many companies have already incorporated new technologies
in the fabrication of face masks to provide extra protection to the population in the current
COVID-19 pandemic. Finally, it is necessary to remark that face masks have come to
serve a variety of situations in daily routines and have become an important partner in
daily life for people around the world. Global use of face masks in the general population
also brings out a new problem due to the large number of biological residues they cause.
Antiviral and/or biodegradable face masks might assist in reducing these residues by
eliminating potentially infectious viral particles that remain in masks, or even by
decomposing themselves if made with biodegradable materials. The viral infection of the
SARS-CoV-2 virus has attracted researchers to combine interdisciplinary areas. In this
regard, materials science and nanotechnology have significantly contributed to the fight
against virus outbreaks, by successfully synthesis of different types of materials with
excellent antiviral properties[49,50]. However, further studies are warranted for the
functionalization of these materials on communal objects (e.g., mask, door handles,
elevator buttons, gas pumps, and railings) to reduce both disease transmission and fear of

touching objects.
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6. Conclusions

The COVID-19 pandemic has triggered not only a global health problem but an economic
issue too, leading countries worldwide to a huge economic crisis that has had societal and
environmental impacts. It has aggravated the differences between social ranks and
poverty in case of many families, causing an irreversible harm to society. It has been a
critical situation for governments in terms of populations’ lives. Strict measures for
preventing SARS-CoV-2 spread had to be taken and led to very severe confinement all
around the world. After confinement, severe measures to control COVID-19 spread were
taken across the world to protect citizens’ lives. These measures included the advice to
wear face masks in public and poorly ventilated places, which seems to be the most
effective strategy against the spread of the virus SARS-CoV-2 and many other bacterial
pathogens, including multidrug-resistant strains within the community. However,
wearing face masks also causes a big environmental problem. Single-use face masks
generate a huge amount of urban and biological residues, which represent a big challenge
for the population and environment in terms of treating these kinds of remainders.
Moreover, the possibility of cross-contamination exists while dealing with these items.
Regarding this biological problem, researchers have made efforts to discover new
compounds with antimicrobial activity and develop not only face masks but other PPEs
as well. This is done to restrict SARS-CoV-2 spread in the general population, since the
virus will become inactivated and lose its infectivity after coming in contact with antiviral
materials. Additionally, antiviral face masks have a higher useful life because of their
ability to kill viruses and bacteria. This would turn into a minor quantity of residues and
could help solve the problem of waste generation.

Finally, it is important to mention that many biodegradable materials are currently being
developed which could be integrated in PPE manufacturing procedures. In summary,
antimicrobial face masks are important tools to prevent viral and multidrug-resistant
bacterial infections. However, more effort must be conducted towards the development
of antimicrobial biodegradable face masks capable of solving the increasing
environmental problem produced with the massive utilization of single-use face masks
by the general population. This progress has contributing significantly due to the
development of new technologies, based on the synthesis of potent biocide materials, due

to a substantial cumulative knowledge that was translated rapidly for various multi-
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tasking applications such as PPE such as gloves, face masks, clothing, etc. as well as

disinfection of the surfaces/surroundings.
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