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The world has witnessed several incidents of epidemics and pandemics since the beginning of human
existence. The gruesome effects of microbial threats create considerable repercussions on the
healthcare systems. The continually evolving nature of causative viruses due to mutation or re-
assortment sometimes makes existing medicines and vaccines inactive. As a rapid response to such
outbreaks, much emphasis has been placed on personal protective equipment (PPE), especially face
mask, to prevent infectious diseases from airborne pathogens. Wearing face masks in public reduce
disease transmission and creates a sense of community solidarity in collectively fighting the pandemic.
However, excessive use of single-use polymer-based face masks can pose a significant challenge to the
environment and is increasingly evident in the ongoing COVID-19 pandemic. On the contrary, face
masks with inherent antimicrobial properties can help in real-time deactivation of microorganisms
enabling multiple-use and reduces secondary infections. Given the advantages, several efforts are made
incorporating natural and synthetic antimicrobial agents (AMA) to produce face mask with enhanced
safety, and the literature about such efforts are summarised. The review also discusses the literature
concerning the current and future market potential and environmental impacts of face masks. Among
the AMA tested, metal and metal-oxide based materials are more popular and relatively matured
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AMA and their incorporation methods to reduce their leaching and environmental impacts. Also, systematic
studies are required to establish short-term and long-term benefits.

1. Introduction

Outbreaks of communicable diseases are not uncommon and
have existed since humankind's hunter-gatherer days. However,
they became more prominent when the world shifted towards
settled community life. Pathogenic organisms such as viruses,
bacteria, protozoa, helminths, and fungi are the major causes of
infectious diseases in humans and animals. It is estimated that
one-fourth of annual global deaths are due to these pathogenic
organisms.' Mainly, flu viruses and non-flu viruses like Flavi-
virus, Filoviridae, and human coronavirus are responsible for
major epidemics and pandemics starting from Russian flu-1889
to the present Coronavirus disease (COVID-19). The four
communicable diseases that rattled the world are Influenza,
Ebola, Acquired immunodeficiency syndrome (AIDS), and
COVID-19. According to the World Health Organisation (WHO),
the respiratory diseases from annual seasonal influenza alone
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results in 290 000-650 000 deaths each year.>* Also, the rapidly
evolving influenza viruses cause annual epidemics and occa-
sional pandemics (3 to 4 times per century).” The fatality rate in
Ebola is estimated to be as high as 50%.> AIDS, with no
complete cure, continues to be a significant global public health
issue,® and the present COVID-19 pandemic has already resul-
ted in more than 95 million cases worldwide (till 17" January
2021).7

The emergence of more resistant strains with high infection
potential happens because of mutation or re-assortment of pre-
existing microbial strains, which sometimes makes the vaccines
and antibiotics incompetent. Therefore, to control or delay the
spread of the infection, WHO and the Centers for Disease
Control and Prevention (CDC) suggests various non-
pharmaceutical interventions such as hand washing, personal
protective equipment (PPE), isolation, quarantine, personal
hygiene, use of disinfectants, and social distancing. For
instance, the use of respiratory protective devices (RPDs) has
gained massive impetus during COVID-19. This intervention is
highly beneficial in pandemic situations to reduce exposure to
infectious respiratory aerosols and droplets and slow down the
spread of the disease.*** Realising the fact, most of the coun-
tries have enforced or advised its citizen to wear face masks in
public places.™

However, there are several concerns associated with the use
of conventional face masks such as the survivability of micro-
organisms on the face mask surface,'*** re-aerosolisation of
settled particles,'® safe management and disposal of used face
masks,"” and fomite transmission.”® Some of these concerns
have led to the development of face masks with inherent anti-
microbial properties to impart surface contact killing/
deactivation property in addition to particle filtration.
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Antimicrobial face masks pave the way for reusability and
considerably reduces the surging demand for single-use face
masks, especially during outbreaks in highly populated, devel-
oping, and middle-income countries. Moreover, the ongoing
pandemic has further stressed the significance of such devel-
opment. Thorough knowledge of suitable antimicrobial agents
(AMA) and incorporation methods are required to develop
potential antimicrobial face masks. This is one of the prospec-
tive areas evolving through research and gaining much interest
among scientists and researchers. The lucrative market steers
the entrepreneurs and industrialists to focus on improvising
face masks to meet consumers’ safety and quality demands,
especially in the COVID-19 and post COVID-19 scenarios. More
clarity on various aspects of the antimicrobial mask is immi-
nent at this juncture, realising the importance of a review on
antimicrobial face masks.

The paper presents a comprehensive review of the face mask
with a particular emphasis on antimicrobial face masks as an
emerging weapon in containing the spread of infectious
diseases. The topics such as AMA used in face masks and their
methods of incorporation, filtration efficacy, and current and
future market potential are discussed. A detailed description of
the evolution of face masks and their role in preventing the
spread of infectious disease, potential issues with the conven-
tional face masks, and possible environmental challenges
associated with the usage of face masks are also included. The
review also gives a brief insight into the history of pandemics,
epidemics, and their socio-economic impacts. The authors feel
that this review is vital in the present scenario of COVID-19 and
post COVID-19 due to the recurring nature of infectious
diseases, to acquaint the readers with the relevant aspects of
face mask in general and antimicrobial face masks in
particular.

0

300

View Article Online

Review

2. Major epidemics and pandemics in
history

The occurrence of pandemics and epidemics have been re-
ported throughout history. It is accepted that pandemics occur
at unpredictable intervals with no specific occurrence pattern.*
The years (in A.D.) 1510, 1557, 1580, 1593, 1732-1733, 1767,
1781-1782, 1802-1803, 1830-1833, 1836-1837, 1847-1848,
1850-1851, 1855, 1857-1858 and 1874-1875 have been recorded
as pandemic years. The reports on epidemics and pandemics
outbreak before the 12" century are defective, unreliable, or
does not warrant definite conclusions.” Among the pandemics,
the Bubonic plague or Black death (AD 1347 to 1351) was the
deadliest in terms of total death (75 to 200 million) and fatality
rate (30 to 100%).%° In the last 20 decades, the diseases due to flu
viruses (Influenza), primarily transmitted through respiratory
aerosols, are prevailing worldwide. Influenza takes a notable
place among various infectious diseases because of its
pronounced pandemic character than others.*

Spanish flu-1918 pandemic was the most fatal among
various flu diseases, with 10 and 26.8% fatality rate (total
number of death x 100/total number of infected individuals)
and infection rate (total number of infected individuals x 100/
population), respectively. Asian flu-1957 and Hong Kong flu-
1968 pandemics had a fatality rate of 0.2 to 0.8%. The infec-
tion rate of Asian flu-1957 and Hong Kong flu-1968 was 17.4 and
14.1%, respectively. The fatality rate (0.01 to 0.04%) of Swine flu-
2009 pandemic was low, but the infection rate was as high as
21%.*"** The COVID-19 has also resulted in a catastrophic
fatality rate of approximately 2.2% and an infection rate of
1.2%.7%* This data reveals that COVID-19 is the worst pandemic
since the Spanish flu-1918 in terms of fatality rate.
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Among the non-flu diseases, AIDS, Ebola, Severe acute
respiratory syndrome (SARS, 2003) and the Middle East respi-
ratory syndrome (MERS, 2012) were of much concern to the
entire world. AIDS is given a special term ‘global pandemic’ with
almost 76 million people infected, and 33 million deaths since
its first reported occurrence in 1981.** AIDS is one of the
significant infectious viral diseases in terms of fatality rate
(43.5%), followed by Ebola (39.6%).>"**** SARS-2003 and MERS-
2012 with a fatality rate of 9.6% and 34.4%, respectively are
epidemics that target the human respiratory system.***” Even
though the fatality rate is higher for SARS-2003 and MERS-2012,
the infected rate is 3 or 4 orders lesser than COVID-19. COVID-
19 has resulted in 95 016 073 cases, 2 032 342 deaths affecting
219 countries and territories worldwide, plus two international
conveyances (till 17" January 2021).” A summary of the well-
documented deadliest pandemics in history is presented in
Fig. 1.

3. Socio-economic impacts of
epidemics and pandemics

The impacts of the pandemic are far-reaching, disrupting the
social, economic, and political conditions of the affected
nations. During the Spanish flu-1918 wave, cities worldwide ran
out of space to bury the dead, and several villages perished.* The
vast difference in fatality rate between the high and low-income
countries was also noticed during the Spanish flu times. Social
inequality is an unnoticed factor associated with pandemics, as
evident from the fact that fatality rates are highest for individ-
uals with the lowest socio-economic status.**** The recent
COVID-19 pandemic has resulted in massive and simultaneous
shutdowns/lockdowns worldwide with the suspension of social
gatherings and drastic changes in the work and education
culture. More than half of the world population were under
complete lockdown by the first week of April 2020. Drastic
behavioural changes and long-term social stigma arising out of
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the isolation of the infected and suspected individuals were
prevalent during Spanish flu-1918. Similar manifestations are
observed in the present COVID-19 as well. Mood changes,
insomnia, psychiatric issues, and fatigue were also reported for
40% of the survivors of SARS-2003 in Hong Kong, and maybe the
case with all other pandemics.*

Pandemics can also increment the anxieties of nations with
a weak political framework.*® For example, during the Cholera
pandemic-1832, deaths of people in a particular community were
linked to some conspiracy theories, resulting in communal
violence.” In light of COVID-19, publishing in the newspaper was
banned in some countries, and political instability surged in some
places.**** These are examples of the influence of pandemic in
arenas like sovereignty, civil rights, and democracy.

Apart from social and political repercussions, pandemic and
its aftermath affect all major sectors of the economy - trade,
agriculture, tourism, and industrial activities. These can be
through multiple channels, including short-term fiscal shocks
and long-term impact on economic growth. The major incur-
sion of the direct and indirect costs include setting up proper
diagnostic and treatment facilities, imparting the preventive
steps, strengthening core public-health infrastructure, dis-
infecting the affected regions, promoting research on devel-
oping vaccines, and most essentially, providing essential
amenities to the unemployed poor people.*® Economic impacts
can scale up to an increased cost of living and a wider gap
between the rich and the poor. Pandemics can reduce the
capacity of the infected and recovering population to undertake
income-generating activities, eroding them financially. It is
estimated that a pandemic with 1.4 million deaths could result
in 0.8% gross domestic product (GDP) loss.* Fig. 2 shows the
financial losses in terms of GDP loss (%) associated with some
of the major pandemics and epidemics.***>

Spanish flu-1918 has impacted the European region the
most. The GDP losses in Great Britain, Canada and the United
States (US) were 16.91, 14.68 and 11.32%, respectively. Asian flu-
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Fig. 2 Economic impact expressed as GDP loss (%).
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1957 has incurred a GDP loss of 2.6, 3.1, 3.3 and 3.5% in Japan,
the US, Great Britain and Canada, respectively.*® Most cases of
SARS-2003 were reported in regions of China, Hong Kong, Tai-
wan, Vietnam, Singapore, Canada, and the US.** SARS-2003
displayed a negative impact on China's economy, with a total
loss of 25.3 billion USD and 1 to 2 percentage point reduction in
GDP rate than expected.** After the Spanish flu-1918, the worst
impact on the economy is due to the ongoing COVID-19. The
GDP losses (%) are in two digits range for the major economies
of the world with the US, India, United Kingdom (UK), France,
Italy, Canada, and Germany incurring 32.9, 23.9, 20.4, 13.8,
12.4, 12, and 10.6%, respectively. In contrast, the Chinese
economy grew by 3.2% in the April to June quarter of 2020.*
One can see that China's economy has shown a V-shaped
recovery after the first quarter. The fast recovery is attributed
to increased medical exports, manufacturing, and industrial
production.***

Individual behavioural changes such as aversion for work
environments hamper the financial progress of the country. The
disrupted domestic and international distribution channels
and consumer hoarding during pandemics can heighten the
price of agricultural and other commodities, thereby reducing
the household purchasing power. The International Labour
Organisation has predicted that unemployment could rise by
5.3 to 24.7 million due to COVID-19.>” When young people in the
age group of 15 to 54 are affected by pandemics, it can signifi-
cantly decline the GDP growth rate. The world economic
outlook report by the International Monetary Fund predicted
that the global economy would contract by 3% in 2020, which is
much worse than the 2008-09 financial crisis. Moreover,
a resurgence of COVID-19 in 2021 could leave the economies to
wrestle for posterity.*** The World Bank estimates that the
occurrence of any pandemic in the future with high severity,
similar to Spanish flu-1918, might decline the GDP by 5%.%¢ If
the severe effects continue, even food security would be at
threat, especially in low-income countries.’” Considering
various socio-economic impacts of the pandemic, a trans-
disciplinary approach should be adopted to study them. Such
a study in which several factors are considered to prepare the
pandemic preparedness plan would reduce the burden of
disease.*

4. Role of face mask in preventing the
spread of infectious diseases

The spread of infectious diseases from person to person and the
degree of transmission vary based on the aetiology and mode of
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transmission. Usually, the degree of transmission is estimated
by a mathematical number know as reproduction number. It
determines the number of infections caused by a single infected
individual. It combines factors such as duration of infectious-
ness, the speed of contact to vulnerable individuals per unit
time, and the probability of transmission per contact.*” The
transmission ways are mainly classified into the following three:
(i) direct transmission - infected droplet/aerosol transmission,
(ii) airborne route - inhaling infected respiratory aerosols, and
(iii) contact transmission through secretions on fomites or
directly such as through physical touch resulting in hand-to-
mouth, hand-to-eye or hand-to-nose transmission.’*** The
information regarding the causative agent, transmitting host,
transmission route, and reproduction number help in imple-
menting a robust and effective protocol to control infectious
diseases. Table 1 summarises major viral diseases declared by
WHO as a public health emergency in the affected countries
with their causative agents, hosts, and mode of transmission.*>

A face mask as an RPD helps prevent airborne, droplet and
aerosol transmission where the primary control mechanism lies
in reducing exposure. Face mask help in filtering out particles
of different sizes through various mechanisms:**** (i) inertial
impaction by which particles with more mass and inertia are
diverted from the streamline around the filter fibre, (ii) inter-
ception by filter fibres of larger particles, (iii) diffusion which
results from the collision with air molecules or fibres resulting
in deviation from streamline on account of the Brownian
movement of fine particles, and (iv) electrostatic attraction
between oppositely charged particles and filter media, without
any size distinction of particles. Diffusion mechanism mainly
comes into play when the particle sizes are lesser than 0.1 um,
and a combination of diffusion and interception applies for
particle size between 0.1 to 0.5 um. Particles greater than 0.5 pm
are removed by interception and inertial impaction.”® The
diameter of bacteria is typically 0.4 um.*® Diameter of viruses
usually ranges between 0.01 to 0.20 um.*® Diagrammatic
representation of filtration mechanisms and filter efficiency
versus particle diameter are shown in Fig. 3(A) and (B), respec-
tively. In case of antimicrobial face masks, in addition to the
physical entrapment, the AMA deactivates/kills the microor-
ganisms that are deposited or captured. Herein, deactivation or
killing is mainly based on the mode of action of AMA and is
discussed in Section 6.

A recent study in Hong Kong has revealed 96.6% general
public complying with face mask use during COVID-19. The
incidence rates reported in Hong Kong were significantly lower
than Spain, Italy, Germany, France, the US, the UK, Singapore,

Table 1 Causative agents, hosts, mode of transmission, and reproductive number for the major viral diseases

Causative virus Transmitting hosts

Mode of transmission Reproductive number

SARS coronavirus (SARS-CoV)°
MERS coronavirus (MERS-CoV)® Bats, Camels

Ebola’ Nonhuman primates
Seasonal Influenza (H3N2, HIN1)"® Pig

SARS-CoV-2 (ref. 11 and 12) Bats

Bats, Civets

6548 | RSC Adv, 2021, 11, 6544-6576

Respiratory droplets 4
Respiratory droplets, cough 1
Contact with body fluids 1.5 to 2.5
Respiratory droplets 2

Respiratory droplets 1.5 to 3.5

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3
(open source subjected to creative common attribution 3.0 license).

and South Korea,*” emphasising the importance of face mask in
reducing community-wide transmission. The use of respiratory
protection in healthcare first started gaining prominence
during the 1990 tuberculosis outbreak.®*® Extensive use of
surgical face masks was recorded during the SARS-2003, Avian
bird flu-2007 in Japan, and Swine flu-2009 in the US and Mex-
ico.®® It was reported that none of the health care workers in
hospitals in Hong Kong and China was infected during SARS-
2003, who followed appropriate and consistent use of face
masks, gloves, and gowns.*

Additionally, virus isolation rates were considerably reduced
for 76% of the general public who wore face masks during SARS-
2003.%* The air pollution incident in China in 2012 has led to the
widespread manufacturing and use of N95 and KN90 respira-
tors to filter out fine particulates.®” Eventually, face masks
became an integral part of PPE for health workers to protect
themselves from the particles.®® It is now globally accepted that

0 N R

Healthcare workers without face mask
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|
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Fig. 4 Importance of wearing a face mask in healthcare settings.

© 2021 The Author(s). Published by the Royal Society of Chemistry

BI.C T LR | T T LI N §
08~ -
So
208 7
w
s F -
o
04 Diffusion Regime l IDIffusIon and Inertial ~
Interception Impaction
- | Regime and T
Interception
02 Regime
0 1 [ N 1 [ 11l
o001 0.l 1.0
PARTICLE DIAMETER, um
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usage of surgical face masks or respirators produces a lesser
incidence of virus infections.” The face mask is inevitably an
emerging weapon for the frontline healthcare workers in the
COVID-19 war. A diagrammatic representation of the impor-
tance of face mask in reducing transmission in healthcare
settings is shown in Fig. 4.

5. Evolution of face mask

The earliest records of the use of face mask-like cloth coverings
are visible on doors of Persian tombs. A 13™-century travelogue
describes the use of silk scarves by the servants of the Emperor
of the Yuan dynasty, possibly to prevent their breath from
affecting the food being prepared.®” The development of func-
tional face mask-like objects was noticed during the 16%
century when the Great plague hit the city of London. The mask
was popularly known as beak masks and was believed to be
filled with herbs such as clove, cinnamon, or camphor to mask
unpleasant odours and was used by doctors.*** During the same
period, it is reported that Leonardo Da Vinci promoted the use of wet
clothes as respiratory filters.> Before the 18™ century, loose animal
bladder skins and wet clothes were also known to be used to filter
dust and harmful agents.*** In 1877, the Nealy Smoke face mask was
patented,” which used a series of water-saturated sponges and a bag
of water attached to the neck strap to filter out smoke. In 1899,
a French doctor created a face mask out of six-layer gauze, which is
considered the starting point of modern time tie or string face
masks.**® These face masks were also combined with additional
impervious layers and held on metal frames.*

With the onset of chemical warfare associated with World
War I, the need for better respiratory protection like an emer-
gency escape breathing apparatus was observed.®”* The spread
of Manchurian plague-1910 and Spanish flu-1918 boosted the
widespread use of face mask-like objects among healthcare
workers and the general public.”” The respirator certification
program was initiated in 1919 by the US Bureau of Mines. In
1920, the agency certified the first respirator known as Gibbs
Respirator, mainly used by miners, soldiers, and firefighters.*”
During the 1930s, single-use paper face masks were prevalent,
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and towards the 1960s, disposable face masks made of fleece™
or nonwoven synthetic fibre materials® came into use. This new
type of face mask material facilitated massive transformation by
filtering incoming and outgoing air and preventing droplet
spread along with better fit and comfort.®* Some other face
masks present in the period included a layered gauze face mask
with a six-inch rubber piece, a Jel face mask with gauze and
filter, and a cellulose-based face mask incorporating plastacele
and cotton pledgets.”™
Eventually, factors,
comfort, and physical convenience in wearing, service-life, and
materials used, were evaluated for regulation or standardising
higher quality respiratory protection.*® Occupational Safety and
Health Administration (OSHA) and National Institute of Occu-
pational Safety and Health (NIOSH) were promulgated in the
1970s to assist in safety recommendations and regulation in the

several like adequate protection,

workplace, respiratory protection, and other areas of PPE. The
factors such as fit and tightness of the face masks also started
gaining importance during these times.

Modern face masks are typically made of nonwoven polymeric
fibres of different thickness and porosity. The major types of face
masks used in the market are respirators and surgical face
masks. Respirators are used primarily by healthcare workers to
reduce exposure to aerosols and provide leak-proof protection.
Respirators should comply with the standards of NIOSH or any
other internationally accepted organisations. Respiratory filters
are typically made of polypropylene (PP) wool felt fabric or
fibreglass paper.®® Surgical face masks are not necessarily
designed to provide proper fit or seal to the face; however, its
primary purpose is to intercept larger droplets from being
expelled by the wearer into the environment. They are designed
to be fluid resistant and usually discarded after single-use.*
Surgical face masks are typically made from PP filter layers placed
between nonwoven fabrics.” Polyester, fibreglass, polycarbonate,
polyethylene (PE) are also employed in the manufacture.”>”*

The ever increasing safety concerns and need for adequate
microbial protection have led to the development of
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antimicrobial compound(s) infused face masks and smart
electrical masks. After SARS-2003, much research and develop-
ment activities have been reported in the area of antimicrobial
face mask. According to the report, the Li and team have pub-
lished the first article on the antimicrobial effect of nanoparticle
(NP) coated face masks.”” However, a patent filed in 2004 claims
to have developed a face mask based on carbon material having
anti-virus and anti-germ effect.”® Since the incidence of COVID-
19, the need for the antimicrobial face mask has increased and
reached new heights. For instance, recently introduced
Guardian G-Volt face mask exploits antimicrobial properties of
graphene and electric charge to repel and deactivate microor-
ganisms coming in contact and provide sterilisation and reuse
potential.”” The face mask technology has now advanced to
include artificial intelligence and facial recognition facilities to
create next-generation smart face masks. Fig. 5 summarises the
significant milestones in the evolution of face masks.

6. Antimicrobial face masks

The use of a face mask as an RPD is instrumental in preventing
airborne, droplet, and aerosol transmission, where the primary
control mechanism lies in reducing exposure. However, there
are serious concerns about the usage of conventional dispos-
able face masks. When infected individual coughs or sneezes,
the pathogen laden droplets can splash out and adheres to the
immediate contact surfaces, and remain viable for several
days.” Many studies have proven the presence of SARS-CoV-2 on
various material surfaces, including inner and outer layers of
face masks for a period of 4 and 7 days, respectively.”*® These
contaminated face mask surfaces, in turn, becomes a source of
fomite transmission.®* Besides, the warm and humid condi-
tions inside the face mask due to breathing and saliva creates
a favourable environment for the intercepted microorganisms
to grow and flourish. The moist conditions will induce a capil-
lary action due to which the intercepted microorganisms
transfer further into the inner layers via suction, thus

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Various antimicrobial agents on face masks.

endangering the health of the wearer.”” Eventually, these
microorganisms will aggregate as an extracellular polymeric
matrix containing polysaccharides, proteins, and deoxy-
ribonucleic acid (DNA) resulting in the formation of biofilms. In
these situations, an unexpected danger arises due to the re-
aerosolisation of the settled particles during intense sneezing
or coughing by the wearer."®

Microbial survival and re-growth on conventional face masks
after usage and improper storage can also lead to secondary
infections in humans.'*** So, face masks are typically discarded
after a single-use to avoid the inoculation and spread of highly
infectious pathogens. This type of single-use and discard
culture can lead to its massive shortage and the generation of
a large quantum of hazardous waste, especially during
pandemic times.**** The gap in supply and demand coupled
with unaffordability, disposal challenges, and possible adverse
impact on the environment calls for reusable face masks.

Antimicrobial face masks look attractive over conventional face
mask and can address some of the concerns associated with
single-use face masks by providing in situ real-time antimicrobial
protection. Several AMA are developed over the years and are
available in different forms, including films, coatings, beads, and
NPs. The surfaces coated AMA are reported to be effective in
deactivating/killing microorganisms and preventing the forma-
tion of biofilms. The active moieties which impart the biocidal
qualities include metal and metal oxides,”™* quaternary
ammonium or phosphonium groups,’™* antimicrobial poly-
mers,'”  N-halamine  compounds, antimicrobial
peptides,'” and natural compounds,®>**™*** as depicted in Fig. 6.

Given the wide choice of the AMA, a comprehensive under-
standing of AMA would help in the selection of right material-
technology combination for the development of efficient,
sustainable, and reusable face masks. The materials presented
below include the AMA that are tested on the face masks and
other promising materials studied for similar applications.

108-112

105

6.1. Metal and metal oxides

Metals such as silver (Ag),">*** copper (Cu),**#>¥7>”128 zinc oxide
(Zn0),*>**® tungsten oxide/carbide,’*"**'** magnesium peroxides,”*
and their combinations are employed as AMA in fabrics or face
masks.

Since ancient times, Ag is a widely used metal for antimi-
crobial applications. Ag, especially in nano-forms, and its
derivatives are known to exhibit antibacterial, antiviral, and

© 2021 The Author(s). Published by the Royal Society of Chemistry

antifungal activities.””"*® The interaction of Ag and its
compounds with microorganisms is a complex process, and
they are known to exhibit a multifaceted mechanism of deac-
tivation. The prominent deactivation pathways include pene-
tration into the cell, interaction with the thiol groups, the
formation of free radicals, anchoring with soft bases such as
sulphur and phosphorus compounds, and modulation of
microbial signal transduction pathways."**** Various Ag and
Ag-based compounds used in face masks and their potential
ability in deactivating microorganisms are reviewed below.

Aloufy and El-Messiry (2013) demonstrated a simple method
of soaking nylon-6 nanofibres in silver nitrate (AgNO3) solution
to yield Ag incorporated nylon-6 nanofibres. The nanofibres
used in the study were fabricated by electrospinning, followed
by loading with silver nanoparticles (AgNPs). A 24% (w/w)
polymer yielded smooth and uniform nanofibres of diameter
150 to 250 nm. It was reported that after 1 to 2 h of incubation,
Escherichia coli (E. coli) colonies were vanished from the mate-
rial surface due to the antibacterial effect of Ag, as determined
from the spread plate method.* However, Ag-loaded fabrics
generally wear off with time due to the detachment of active Ag
from the material or often result in agglomeration of the
NPs.***3% The processes such as electrospinning*****¢ and melt-
blowing™***” can be employed to strengthen the attachment of
biocidal components in the nanofibres. In a study, Ag has been
used as an antimicrobial agent to yield an eco-friendly electro-
spun composite of Acacia lignin with polyvinyl alcohol (PVA).***
The electrospun PVA-lignin-AgNP hybrids nanofibres were
tested for antimicrobial activity using agar well diffusion assay.
The nanofibre mat of 1 x 1 cm in size showed inhibition zones
of 1.1 £ 0.05 and 1.3 £ 0.08 cm against E. coli and Bacillus cir-
culans after 24 h of incubation. The study reveals that the
antimicrobial activity is mainly due to AgNPs, which inhibit cell
permeability and respiration. Also, the lignin, which is
a phenolic compound, results in cell damage and leak of
cellular components.

In another study, in situ AgNP incorporated polyacrylonitrile
(PAN) was electrospun onto a melt-blown PP layer to develop an
antimicrobial bi-layer fabric.®® Dimethylformamide (DMF) was
used as a solvent for the polymer and reducing agent for the
formation of AgNPs. The developed antimicrobial bi-layer
composite filter demonstrated biocidal activity against E. coli
and Staphylococcus aureus (S. aureus). The PAN-Ag-15% fabric
showed 66 and 78% reduction against S. aureus and E. coli after
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incubation for 6 h, as determined from the spread plate tech-
nique. Bacterial filtration efficiency (BFE) was conducted
according to American Society for Testing and Materials (ASTM)
F2101.01 (ref. 139) using S. aureus as the biological aerosol. It
was observed that the spun-bonded PP nonwoven fabric of 50 to
55 GSM (g m™?), electrospinning time of 2 to 2.5 h, and 10 to
12.5% (w/w) of PAN-Ag was sufficient to achieve a BFE of 99%. A
similar course of steps was followed to create a bi-layer micro-
nano fibrous membrane.*® In situ AgNP incorporated poly-
urethane was electrospun onto a melt-blown PP layer. DMF was
used as a solvent for electrospinning polyurethane and as
a reducing agent for the formation of AgNPs. Disk diffusion
assays performed on the material showed large zones of inhi-
bition against E. coli and S. aureus. The study reveals that AgNPs
release Ag" ions, which damages the cell membrane resulting in
leakage of cellular components and disruption of DNA.
According to a report, electrospun or melt-blown nanofibres
alone form a very soft and fragile substrate, but combining it
with a nonwoven polymer substrate layer enhances the
mechanical property and applicability in developing face
masks.” Also, such a bi-layer formation helps to achieve
adequate filtration performance without significant pressure
drop.™*

In a study, the antimicrobial activity of melt-blown
nonwoven PP was evaluated by incorporating Microban® (Ag-
based) and Viroksan (magnesium monoperoxyphthalate),
separately.’®” Microban® and Viroksan were added to the fibre
forming head part of the melt-blowing machine to obtain good
mixing and even distribution of the compound in the fabric
during the fibre formation process. It was observed that 1% (w/
w) of Microban® produced complete E. coli reduction in 4 h. In
contrast, Viroksan 0.86% (w/w) produced complete killing
immediately after the deposition on test fabric. The magnesium
monoperoxyphthalate has profound storage stability, low
toxicity, and is approved by the Environmental Protection
Agency (EPA) for use in consumer products.*® However,
assessment should be carried out for determining BFE, antiviral
activity, and skin compatibility to confirm the practical utility of
such surface-modified face mask.

In addition to Ag immobilised on fabrics, a few studies are
reported on Ag immobilised face masks. A commercially avail-
able face mask was treated with a starch capped colloidal Ag
solution prepared by the chemical reduction method in
a study.”” The face mask was soaked for 5 to 7 h in 50 and
100 mg L™ " colloidal Ag solution followed by drying. From the
well-diffusion assay against the E. coli and S. aureus, the zone of
inhibition was found to be >650 and 1000 mm® for 50 and
100 mg L~" of Ag colloidal solution, respectively. The study
demonstrated that the mask treated with colloidal AgNPs
solution inhibits the growth and multiplication of Gram-
positive and Gram-negative bacteria. However, the presence of
broad peaks in ultraviolet-visible (UV-Vis) absorption spectra for
colloidal Ag and lumps in scanning electron microscope (SEM)
images revealed an uneven distribution and aggregation of Ag.

Compared to physical attachment through a dip (soak)
coating and spray coating, the surface modification mediated
coating renders long-term attachment of AgNPs.'®'3%13%137 I
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a study, the surface of an N95 respirator was treated with
a surfactant, sodium oleate, which imparted carboxylic func-
tionalities to the surface.'® The carboxylic sites are reported to
be responsible for improved hydrophilicity and served as reac-
tion sites for attachment for AgNPs. Microscopic observations
of the fabric using Field Emission SEM after the spread plate
tests revealed that the material effectively inhibited the growth
of two model airborne bacterial strains, S. aureus and Pseudo-
monas aeruginosa (P. aeruginosa). However, this study mandates
further works to assess the antimicrobial performance of the
material and stability of the coating to evaluate the effectiveness
of such surface-mediated coatings.

Metallic Cu, copper nanoparticles (CuNPs), copper(u) oxide
(CuO), copper(r) oxide (Cu,0), copper iodide (Cul) are found to
be effective in inactivating human immunodeficiency virus,
influenza virus, bacteriophages, HON2 virus, poliovirus, bron-
chitis virus, and herpes simplex virus.***'*” Cu ions interact
with the negatively charged bacterial cell membrane through
electrostatic interaction. The inactivation is through redox
cycling between Cu** and Cu® at the cell surface, which catalyses
the hydroxyl radicals and superoxide anions. The generation of
free radicals damages the lipids, protein, and DNA of bacteria
and viruses.** The antiviral activity of Cu is because of the
interaction of Cu®** with DNA, where the nucleotide and the base
pair of the DNA offer the binding sites."** The ROS formed
during redox recycling also results in the degradation fragment
of viral proteins, hemagglutinin and neuraminidase.®” It is said
that the virucidal activity of Cu is enhanced in the presence of
peroxide. Peroxide opens the protein coat of the virus and
facilitates the entry of Cu ions to denature nucleic acids.***” Cu
ions also interfere with the cell permeability resulting in the loss
of potassium ions and cell death.*

Cu oxo-hydroxide NPs is reported to be better virucidal
agents than other Cu combinations.®”® The stability of CuNPs
could be improved by functionalisation using carboxylate
ligands. CuO and Cu oxo-hydroxide can be coated on face
masks, surgical gowns and gloves, respirator filters, polymeric
materials, and other medical equipment fabrics without losing
its antiviral property.?**?>**> A four-layered NIOSH approved
N95 respirator was modified with CuO particles to impart
antimicrobial property.®® The first and fourth-layers were
prepared using spun-bonded PP impregnated in situ with 2%
(w/w) CuO particles. The second-layer was made up of a melt-
blown PP with 2.2% (w/w) of CuO particles, and the third-
layer was fabricated with polyester. The bioaerosol filtration
tests revealed that 99.85% of HI1N1 and H9N2 viruses were
filtered under simulated breathing conditions with no infec-
tious viral titers recovery within 30 min, by employing a method
customised from ASTM F2101.01 for the virus."* Moreover, the
CuO coated face mask successfully passed BFE as per EN
14683:2005 and ASTM F2101 standards.™***** The modified face
mask also passed differential pressure (EN 14683:2005),"* latex
particle challenge (ASTM F2299),"*° and resistant to penetration
by synthetic blood tests (ASTM F1862)*** and NIOSH N95 stan-
dards. Furthermore, it was claimed that no skin sensitisation or
irritation was observed for the outer layers of the face mask as
determined from animal studies.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In yet another study, Hashmi and coworkers (2019) reported
a polymer solution made from PAN (8% w/w) in DMF and CuO.
The composite solution was electrospun to develop an antimi-
crobial face mask. Disk diffusion assay showed that CuO (1% w/
w) incorporated face mask was effective against both Bacillus
subtilis (B. subtilis) and E. coli. Based on the breathability test
(ASTM E96),"*¢ air permeability test, and antimicrobial activity
test, the authors claimed that the face mask is useful for breath
mask applications. The nanofibre structure is intact even after
contact with water for 72 h, and a concentration beyond 1% (w/
w) of CuO is toxic."*

Compared to individual metal and metal oxides, combina-
tions with other metal and metal oxides have shown complete
inactivation in lesser contact time.””®® A combination of
different AMA also reduces the chances of resistant strains of
microorganisms.” In 2012, Davison developed BioFriend™ and
BioMask™ masks, which comprised four layers of standard
filtration materials approved for facemasks.®® The first and
fourth-layer were made up of spun-bonded PP. The first-layer
was treated with citric acid to create a low-pH hydrophilic
coating, which can induce structural rearrangements in the
lipid layer of viruses. The second-layer was fabricated with
cellulose/polyester infused with Cu and zinc ions, which can
bind the virus through sulfhydryl and carboxyl groups,
destroying it. The third-layer was made up of melt-blown PP.
The outer surface of both the mask was challenged with
bacterial (initial 10° to 107 CFU mL ") and viral (initial 5.35 to
7.79 log, TCIDs,) suspensions for 5 to 180 min. The samples
were then tested for the remaining virus titers using the
Spearman-Karber method. Bacterial colonies were tested
according to the American Association of Textile Chemists and
Colorists (AATCC)-100 method."*” These masks showed reduc-
tions 0f 99.93% @ 30 min, 89.22% @ 60 min, 90.15% @ 60 min,
88.97% @ 60 min, 99.99% @ 8 h against methicillin-resistant S.
aureus, Streptococcus pneumoniae, Haemophilus influenzae,
Mycobacterium terrae, and Staphylococcus epidermis (S.
epidermis), respectively. These masks showed =4 log;, reduc-
tions within 5 min of contact for 19 different subtypes of
viruses, including influenza A and B viruses, paramyxovirus,
SARS-CoV, and herpes simplex virus. Both the face masks con-
formed to ASTM2100:11/EN14683:2005 (ref. 143 and 148) and
EN 149:2000+A1:2009 (ref. 149) standards. Additionally, both
the face masks demonstrated no dermal irritation or sensiti-
sation and allergenic potential under simulated breathing
conditions.

In another study, the first-layer of a surgical face mask fabric
was coated with 0.4 mg ecm > NP emulsion consisting of
a mixture of 2 g L™ aluminium oxide, 2 g L' AgNO;, 1.5 g L™ "
titanium dioxide, 2 g L™" Ca*", 2 ¢ L'" Mg**, and 60 g L "
oleophobol C employing a textile finishing machine.” Oleo-
phobol C was added to ensure homogenous dispersion of the
NP emulsion on the face mask surface. Minimum inhibitory
concentration (MIC) and minimum bactericidal concentrations
(MBC) for E. coli were found to be 1/128. The MIC and MBC for
S. aureus were found to be 1/512 and 1/64 dilutions of the NP
emulsion, respectively. The antibacterial tests revealed
a complete reduction of E. coli and S. aureus, and no skin
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irritation was observed for volunteers who wore the face mask.
The higher MBC for S. aureus can be attributed to the thick
peptidoglycan layer for the Gram-positive bacteria. It was
concluded that the biocidal effect arises upon damage to the
plasma membrane and leakage of cytoplasmic contents. This
study claims to be the first report on the antimicrobial effect of
NP coated face mask.

Apart from the above-discussed metal and metal oxides or
their combinations, tungsten oxide,” magnesium peroxide,”*
and ZnO* are also antimicrobial. According to a report,
magnesium peroxide coated cotton exhibited antimicrobial
activity up to 70 washing cycles.”* It is reported that tungsten
oxide and tungsten oxide composite microparticles are also
used on face masks, filters, gloves, and other medical appli-
ances.” Studies have proved excellent antiviral property of zinc
oxide nanoparticles (ZnONPs) and polyethylene glycol (PEG)-
coated ZnONPs against influenza virus strains.”® However, the
stability and effectiveness of these compounds need to be
evaluated to establish its practical utility.

6.2. Antimicrobial polymer

Antimicrobial polymers are a versatile class of material with
tunable surface chemistries, size, and multiple scale lengths;
that can be combined with different matrices or surfaces and
tailored to yield contact-killing abilities." There are two broad
classes of antimicrobial polymers viz., bio-passive and bio-
active. Bio-passive polymers are used for repelling surfaces to
prevent bacterial adhesion. The polymers functionalised with
bio-active agents are called bio-active polymers, and these are
capable of killing the microorganisms adhered to the polymer
surface.**®*** The active moieties include metals, metal oxides,
N-halamines, quaternary ammonium or phosphonium
compounds, antimicrobial peptides, and antibiotics.**

6.2.1. Polymers with N-halamines. N-halamine is one of
the most effective contact-active biocide tested in polymers. The
halamine bond (i.e. the nitrogen-halogen covalent bond) can
effectively inactivate a broad spectrum of microorganisms in
a short time (5 to 30 min) on direct contact.'****»'*%2 The
oxidative transfer of the halogen to the specific biological
receptors like amine and thiol groups in the protein interferes
with the enzymatic and metabolic process, resulting in cell
lysis.'*%1331°1 The oxidative transfer of halogen can also result in
electrophilic substitution of halamine bond with hydrogen.***
Once the halogen is depleted, the antimicrobial activity can be
regenerated by treating the material with halogen donor
compounds such as hypochlorite, sodium hypobromite, tri-
chloroisocyanuric acid, and sodium dichlorocyanurate.*?*'>¢
The polymers such as polyvinyl acetate, PP, nylon, polystyrene
(PS), PAN, polyethylene terephthalate (PET), and polyamide are
compatible with N-halamine.

In a study, a simple soaking method was employed to modify
the PP surface with N-halamine."® The melt-blown PP
nonwoven-fabrics (22 and 50 GSM) were soaked in N-halamine
1-chloro-2,2,5,5-tetramethyl-4-imidazolidinone (MC), for
10 min and then padded and dried. The antimicrobial PP fabric
with 0.47% (w/w) oxidative chlorine loading showed complete
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inactivation (6 logy,) of S. aureus and E. coli in 5 and 10 min of
contact time for 50 and 22 GSM fabric, respectively as deter-
mined from the spread plate technique. The higher GSM fabric
provided greater surface area, higher chlorine availability, and
rapid antimicrobial activity. Further, the bioaerosol filtration
studies conducted as per ASTM F2101.01 (ref. 139) revealed that
no viable cells were recovered up to 3 h exposure against S.
aureus and E. coli aerosol. However, the N-Cl bond is prone to
photo-dissociation. Hence, all the N-halamine coated fabrics
are recommended for dark storage. A similar soaking, padding,
and drying procedure were followed to coat PET fabric with 5%
(w/w) terpolymer, poly(hydantoinyl acrylamide-co-glycidyl
methacrylate-co-2-(methacryloyloxy)ethyl trimethylammonium
chloride). After soaking, the fabric was halogenated using 10%
(w/w) Clorox solution (bleach), followed by washing and drying.
The material demonstrated a complete reduction of S. aureus
and E. coli cells (6 log;, reduction) within 2 min of contact time
for swatches having 0.19% (w/w) oxidative chlorine concentra-
tion, as determined from the spread plate technique.™™ The
rapid inactivation was partly due to the hydrophilicity imparted
by the cetyltrimethylammonium chloride groups.

The incorporation of N-halamine precursors through graft
copolymerisation resulted in better and permanent coating
compared to physical coating through blending, soaking or
spraying.’®*> In a study, N-halamine precursors such as
acrylamide, and methacrylamide were attached separately to
the PP through graft copolymerisation.'® The modified PP was
processed into fibres through an extrusion process. The fibres
were then halogenated by soaking in chlorine bleach
(~1500 mg L™ " of available chlorine) followed by washing and
drying. The material demonstrated a complete reduction of E.
coli within 30 min, tested as per AATCC-100 method.*”” Also,
both antimicrobial fabrics demonstrated >1.48 log;, reduction
against S. aureus.

In a study by Tan and Obendorf (2007), N-halamine additives
[chlorinated 5,5-dimethyl hydantoin (CDMH), chlorinated
2,2,5,5-tetramethyl-imidozalidin-4-one (CTMIO) and chlori-
nated 3-dodecyl-5,5-dimethyl hydantoin (CDDMH)] were sepa-
rately incorporated into nylon-6 dope and electrospun to
develop nanofibrous antimicrobial fabrics.®® Nylon 6-CDMH,
nylon 6-CTMIO, and nylon 6-CDDMH fabrics with an active
chlorine content of 1125 mg L™ " achieved a total reduction of
E. coli and S. aureus within 10, 30, and 30 min, respectively
(tested as per AATCC-100 method).’*” The difference in the
inactivation is due to the N-Cl bond of the three compounds.
The dissociation rate is in the order of imide > amide > amine
type halamine. In another study, N-halamine compound MC
was introduced into PAN polymer dissolved in DMF solvent and
electrospun to yield nanofibres (PAN/MC-5%)."*> From the
antibacterial assays, it was found that PAN/MC-5% with 0.29%
oxidative chlorine loading inactivated all S. aureus and E. coli
cells within 1 and 10 min of contact, respectively, tested as per
AATCC-100 method.*” Also, PAN/MC-5% achieved >6 logi,
reduction against S. aureus aerosols after 3 h of exposure, tested
as per ASTM F2101.01."*° Moreover, the breathability of these
membranes was reported to be 27.3 mm s~ ', which is higher
than the commercial nano-N95 and nano-surgical face mask.
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In contrast to physical coating methods, covalent attach-
ment and in situ incorporation via electrospinning eliminate
the chances of leaching of N-halamines from the fabric
surface.'*®19%132157 Even though few studies are reported on the
leaching of N-halamine modified fabrics in water,'*® the direct
release of N-halamine from fabric or face mask surface is yet to
be evaluated to assess its effect on the skin. Since the AMA
generally coated on middle filtration layers of face mask, direct
contact with skin is unlikely. Though studies reveal the excel-
lent antibacterial activity of N-halamine incorporated fabrics,
there is no literature on application of this compound in
developing antimicrobial face mask. Performing antibacterial
and antiviral assays, BFE and VFE would establish the practical
utility of N-halamine incorporated face mask.

6.2.2. Polymers with quaternary ammonium compounds.
QACs belong to the class of cationic surfactants with good
biocidal ability. The antimicrobial activity of QACs is a function
of the N-alkyl chain length, and QACs with 8 to 18 carbon atoms
possess good germicidal activity.**® The positive charge on QACs
facilitates the penetration of these cationic biocides into the
microbial cells. The antiviral property of QACs is due to the high
affinity of QACs to the proteinaceous coat and lipid nature of
the viral envelope.'**'**® The mechanism of action is as
follows: (i) adsorption and penetration of the compound into
the cell membrane, (ii) interaction with the phospholipids
present and affecting cell permeability, (iii) leakage of intra-
cellular components like potassium, phosphates and then large
molecular weight molecules, (iv) damage of protein and DNA,
and (v) cell lysis by the autolytic enzymes.

Studies have reported the immobilisation of QACs on glass
surfaces,' polymer surfaces,'® surgical face masks,'” and
nonwoven fabrics®®®® through surface-mediated coatings,
grafting, melt-blowing and spray coating to kill/deactivate
airborne and aerosol borne microorganisms. QACs such as
cetyltrimethylammonium bromide (CTAB) can form reactive
oxygen species (ROS) and increases the superoxide mediated
stress resulting in biocidal activity.'> Superoxide anions,
hydrogen peroxide, and hydroxyl radicals are produced by
penetrating oxygen into the cells during the intracellular enzy-
matic reactions. Montazer et al. (2010) developed antimicrobial
polyester, PP, and viscose nonwoven fabrics coated with CTAB
and fluorochemical using a padding procedure (bath coating).*
PP and polyester exhibited 6 log;, reductions of E. coli and S.
aureus and >2 log;, reductions of P. aeruginosa with 1% CTAB
solution, as determined from the spread plate technique. In
contrast, nonwoven viscose fabric was unable to achieve the
expected results due to the negative influence of adhesive used
in fabric production. It is reported that fluorochemical was
added to reduce the hydrophilicity of the surface to achieve
good water or blood repellent property.

In another work, Gutarowska and coworkers (2014) studied
the antimicrobial effect of bath (soak) and spray coating of
Sanitised® T 99-19 (commercially available QAC) on needled
nonwoven polyester, and melt-blown nonwoven PP.%
Sanitised® T 99-19 was sprayed and soaked to obtain 0.7 to 2%
deposition on polymer fibres. Better antimicrobial activity is
obtained for needled nonwoven polyester due to higher
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migration of active compound to fibre surface when compared
to melt-blown nonwoven PP. It is attributed that the compact
surface of a melt-blown nonwoven PP facilitates the only surface
distribution of the active compound. The bathing method
offered better antimicrobial activity than spray coating since it
wets the entire volume of the material. It is reported that
needled nonwoven polyester subjected to bath coating with 2%
of Sanitized® T 99-19 was biocidal against E. coli, S. aureus,
Candida albicans (C. albicans), and Aspergillus niger (A. niger),
tested as per AATCC-100 method.'*” Whereas, for melt-blown
nonwoven PP, the biocidal values were not much significant.
Further, paraffin oil mist and airflow resistance of the material
was tested according to the EN 149:2001+A1:2009 standards.™*’
However, bioaerosol filtration studies have to be performed to
understand the efficacy of the material for its applicability in
preparing an RPD.

Studies have shown that perlite (volcanic glass) carriers
could enhance the hydrophilicity, antimicrobial activity, and
flexibility of PP to bond with various chemical agents.?®'** Bio-
perlite and bio-bentonite refer to alkylammonium micro-
bicides (QAC compound) on perlite and bentonite (alumino-
silicate base) carriers, respectively. These compounds were used
in a study to impart biocidal quality to PP fibres."”® The
compounds were added in powder form to the fibre forming
head to obtain thorough mixing with PP during the fibre
formation process. Subsequent melt-blowing resulted in
uniform distribution of the biocidal agent on the nonwoven PP.
It is reported that melt-blown PP with 15% bio-perlite (0.69% of
microbicide) is biocidal and achieved 96.8% and 74.1% BFE
against E. coli and S. aureus, respectively. The study utilised the
electrostatic interaction between the positively charged micro-
bicide and the negatively charged mineral carriers to create bio-
perlite and bio-bentonite. The mineral carriers remained
attached to the fibres, while the microbicide remained free and
capable of antimicrobial activity. The study was further
extended to explore the antimicrobial respiratory protection
using a three-layer half-mask model by Gutarowska and
coworkers in 2010.”® The first-layer was made from needling
nonwoven fabric consisting of Bico biocomponent (Inatex,
Poland) and an acrylic fibre (Unia, Poland). The second-layer
was an antimicrobial filter layer made of nonwoven PP with bio-
perlite. The third-layer was made from needled nonwoven
polyester and Bico biocomponent. The filtering half-mask with
a bio-active nonwoven PP with 0.37% of the active compound
(8% bio-perlite) achieved a complete reduction of E. coli and S.
aureus, tested as per AATCC-100 method."” The bio-active
nonwoven PP fabrics were also effective against P. aeruginosa
and K. pneumoniae, Mariniluteicoccus flavus, and B. subtilis.
Further, it was established that the filtration efficiency of the
material was excellent against liquid particles (>95% against
paraffin oil mist aerosol), solid particles (>98% against 0.6 pm
NaCl aerosol), and microorganisms (99.9% for E. coli and S.
aureus suspended in 0.85% NaCl solution).

Majchrzycka et al. (2017) developed a biocidal agent, namely
Gemini surfactant (QAC-based salt) on a halloysite carrier that
exhibited temporal biocidal activity triggered by humidity.'**
Varying amounts of 1,2-propanediol was added to regulate the
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humidity, resulting in temporal activation of the biocidal agent.
The biocidal agent was added to the semi-liquid polymer during
the melt-blowing process of PP, resulting in a permanent
bonding. The material with 0.336% of the Gemini surfactant
exhibited 97.46, 87.85, 94.53, and 46.78% reduction against
bacteria E. coli, Pseudomonas fluorescens, moulds A. niger and
Penicillium chrysogenum, respectively, tested as per AATCC-100
method.*” This filtering nonwoven PP is a potential material
in producing reusable RPDs. Further, the temporal release of
the particular biocide is impressive from safety aspects as it
would reduce the skin contact upon continuous use of RPDs.

Tseng et al. (2016) modified a US Food and Drug Adminis-
tration (US FDA) approved three layers surgical mask by spray-
ing QAC based Goldshield-5 solution (GS5, 1%), which gave
0.1 mL ¢cm™? coating.'® The GS5 coated face mask was chal-
lenged with settled aerosol through an aerosol test system
(tested with an aerosol test system modified from ASTM 2721-
10 '), which generated 10® CFU mL ™" of bacterial strains. The
test results showed a 2.32 to 5.02 log;, reduction of colonies in
60 min contact with GS5 coated mask for Acinetobacter bau-
mannii (A. baumannii), Enterococcus faecalis (E. faecalis), and S.
aureus. Further bioaerosol filtration study revealed >98% effi-
ciency against all the three bacterial aerosols for 60 min contact
time. However, in the study, simplified spraying method is used
for coating GS5. Spray coating would not ensure complete
penetration of antimicrobial compound into the crevices or
shadowed regions, thus warranting proper investigation into
coating efficiency and stability of the coating. Also, various QAC
compounds are known to be corrosive and pose health issues
such as work-related asthma and skin dermatitis."**'®” There-
fore, a detailed evaluation of the biocompatibility is
recommended.

6.2.3. Miscellaneous groups on polymers. Poly-
ethyleneimine (PEI) is a synthetic, non-biodegradable, cationic
polymer containing primary, secondary, and tertiary amine
functional groups. Microbial cell rupture results from the
electrostatic interaction between cationic PEI and the negatively
charged bacterial outer cell membranes. In a study, cotton,
wool, nylon and polyester were modified by derivatives of N-
peralkylated PEI to render them antimicrobial.’®® Aerosolised
suspension of S. aureus, S. epidermis, E. coli, P. aeruginosa, C.
albicans, and Saccharomyces cerevisiae of 10° cells per mL
concentration were sprayed onto the modified textiles and
placed in agar and autoclaved to detect any growth of cells. It
was reported that the antimicrobial fabric showed at least 1 to 2
log,o reduction of the deposited aerosolised bacteria. In another
study, the replaceable cellulosic filter layer of a commercial face
mask was modified by dip coating with PEI to induce antiviral
activity.'”” Filtration tests on the aerial suspension of the T4D
bacteriophage virus of E. coli B showed 5 log;, reductions within
1 h contact time, using a laboratory aerosol filtration setup with
an effective filtration area of 15.9 cm?®. Further, to determine the
filtration efficiency against the H5N2 virus, a separate filtration
setup was created, which was authorised. Two layers of these
PEI modified nonwoven cellulosic fibre filters were reported to
block the droplet-borne/airborne influenza A (H5N2) virus.
However, the study can be extended to determine whether the
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captured viruses are deactivated by the presence of PEI using
antiviral assays. Air diffusion study showed that PEI was still
intact on this filter layer after 5 h use under normal breathing
conditions.

In another study, polyester fabrics were incorporated with
polypyrrole nanoparticles and investigated for antimicrobial
activity.'® The antimicrobial activity of polypyrrole is due to the
positive charges introduced along its backbone during the
polymerisation process.’® Dispersions of stable polypyrrole
nanoparticles, produced by chemical oxidative polymerisation,
were coated on polyester using an ultrasound-assisted coating
process. A polypyrrole loading of 4.33 4 0.13 g m ™2 on polyester
showed a complete reduction of S. aureus and E. coli cells, as
determined from the spread plate technique.

Hong and Sun (2009) probed the incorporation of photo-
sensitisers such as benzophenone (BP) into polymers and
textiles to render them antimicrobial. In the study, polymer
solutions of PP, PE, PVA, and PS were thoroughly mixed with BP
solution and melted on glass slides and cast into films sepa-
rately.’® Initially, the microbial suspension was placed on the
film and subjected to irradiation with UV light for 1 h. Bacterial
concentration remaining was determined by the conventional
spread plate technique. Complete reduction of E. coli and S.
aureus cells was achieved for PVA/BP (0.25% w/w), PE/BP (1% w/
w), and PS/BP (1% w/w). Among various polymers tested, PVA
showed the highest antimicrobial activity. Polymers such as
PVA with BP groups are potential self-decontaminating material
with proven application in hygiene gloves, protective face
masks, and surgical gowns. When BP is photo-irradiated, it
forms BP ketyl radicals by accepting hydrogen atoms due to the
interaction of amines and alcohols groups present in the sup-
porting polymer (i.e., PVA). Upon exposure to oxygen, the BP
ketyl radicals immediately reoxidised to form BP and H,O,. The
formed reactive radicals and H,O, play a significant role in the
antimicrobial action.'® However, the production of reactive
radicals and H,O, is of concern. Hence, biocompatibility and
skin sensitisation tests have to be conducted to ensure the
safety of the wearer.

Natural host defence peptides (HDPs) are part of our innate
immune system, which deactivates a broad spectrum of path-
ogens, playing a vital role in the host response system. Biocidal
cationic polymers inspired by HDPs are biocompatible,'® do
not possess cytotoxicity and ecotoxicity,’””® and has excellent
applicability in antimicrobial surfaces.” An antimicrobial
nanofibrous substrate was prepared by grafting r-cysteine onto
PP, followed by electrospinning to form fibres and cross-linked
by Cys-LC-LL-37.'* Antibacterial assays on the fabric were per-
formed according to ASTM E 2180-01 standard test method'”*
and showed 1.6 and 6 log;, reduction against P. aeruginosa and
S. aureus after 24 h contact time. The material was reported to
be effective against nosocomial pathogens and their spread to
the community. Due to their biocompatibility, antimicrobial
peptides could be potential candidates for developing novel
antimicrobial face masks with least environmental concern.

Apart from the aforementioned groups, natural polymers,
polymers with aromatic or heterocyclic groups (imidazole

derivatives), polyacrylamides, polyacrylates, poly-siloxanes,
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poly-ionenes, poly-oxazolines, hyperbranched and dendritic
polymers (poly(amidoamine) and poly(propylene imine) den-
drimers) and polymers with guanidine groups, possess intrinsic
antimicrobial qualities.” The antimicrobial abilities of these
groups after incorporating on face mask are yet to be evaluated.

6.3. Natural compounds

Several antimicrobial compounds extracted from medicinal
plants are found to be effective against bacteria and viruses.
Unlike chemical polymeric or nano-based materials, the natural
compounds do not produce toxic effects. Extracts of Vitex tri-
folia,”»""* Punica granatum,”*"” Allium sativum,”®*** Acacia
nilotica,"®* Andrographis paniculata,'*>'®* Sphaeranthus indicus,
Strobilanthes cusia,**>'®® Chromolaena odorata,*®” Aloe barba-
densis,'***° and Azadirachta indica*>'' have antimicrobial
properties. Also, the combination of eugenol, eugenol acetate,
carvacrol, thymol, and vanillin, Melaleuca alternifolia,"*®
ginkgo leaf extract,’” and ginkgo extract in combination with
sumac (Anacardiaceae family)'*® have been studied for their
antiviral properties. These compounds are found to be potential
agents that could be applied to face mask, air filters with plastic
and nonwoven polymer fabrics.

Mangosteen extracts (o¢-mangostin (46.36%) and <y-man-
gostin (5.45%)) were spray-coated on commercially available
melt-blown PP layers to develop a three-layer antimicrobial
mask with improved hydrophilic character.””* BFE was con-
ducted as per ASTM F2101.01 (ref. 139) and was reported to be
97.9 + 0.2% for the face mask containing 5% (w/v) mangosteen
extract. Antimicrobial studies as per AATCC-100 method'’
revealed a 5 and 2 log;, reductions in S. aureus and Mycobac-
terium tuberculosis, respectively, after 24 h exposure. The 97.2%
antimicrobial activity of the extract was retained even after 21
days of storage and did not compromise the mechanical attri-
butes of the filter. The coated face mask did not exhibit any
toxicity as revealed from indirect cytotoxicity studies based on
the viability of L929 mouse fibroblasts. In mangosteen extract,
a-mangostin and y-mangostin are the bioactive components,
which inhibits the bacterial activity by inducing rupture of the
cytoplasmic cell membrane resulting in leakage of intracellular
components.'*®

A recent study reports the development of a three-layer
antibacterial face mask consisting of a nonwoven PP outer
layer, antibacterial filter layer and an inner medical cotton yarn
layer."® Microcapsule made from the extract of Scutellaria bai-
calensis was used as an antimicrobial agent in face mask. The
microcapsules were incorporated to filter clothes such as
cotton, polyester and nonwoven PP by soaking followed by
plasma mediated surface modification. Antibacterial studies as
per AATCC-100 method'” revealed that all filter clothes
exhibited >96% and >95% reduction against E. coli and S.
aureus, respectively. Further, nonwoven PP, cotton, and poly-
ester exhibited BFE of 97.31, 95.44, and 91.7%, respectively. It
was observed that oxygen plasma surface treatment helped in
the long-term attachment of microcapsules (up to 100 cycles) on
filter clothes when compared to the untreated surface. It is re-
ported that the antibacterial activity of Scutellaria baicalensis is
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due to the bioactive components present like wogonin, skull-
capflavone, baicalein, and baicalin."®> However, its mechanism
of action is not studied in detail.***

In another study, oil of a Viethamese medicinal plant, Folium
Plectranthii amboinicii, and sustainable filter paper was used to
develop a seven-layer antimicrobial face mask.** The first, second,
sixth, and seventh-layer were made from filter paper; third and
fifth-layer with blotter paper; and fourth-layer with waterproof
paper. The third and fifth-layers contained activated carbon, 5%
standardised BSI (Benzoic acid, Salicylic, and Iode) solution and
0.5% Plectranthii amboinicii plant oil extract. This face mask is
reported to be qualified by the Directorate for Standards,
Metrology, and Quality of Vietnam criteria. The fractional
concentration of nitric oxide in exhaled breath (FEno), a relevant
inflammatory biomarker of the respiratory system, was found to
be significantly lower (p = 0.01) after the usage of the face mask.
Also, the wearing of the mask resulted in clearer nasal passage-
ways (p < 0.0001), fewer throat symptoms (p < 0.020), and fewer
respiratory symptoms (p < 0.020). The antibacterial effect of
Plectranthii amboinicii is accounted due to terpinen-4-ol and
carvacrol, which inhibits bacterial proliferation."*

Chen et al. (2020) explored the suitability of biocompatible
amino acid-grafted enzymatic hydrolysis lignin derivatives with
both cationic/anionic groups as AMA for face masks. Antimi-
crobial tests on the middle layer of commercial N95 face mask
soaked in arginine modified enzymatic hydrolysis lignin (33%
w/w) revealed that the number of viable E. coli cells decreases to
a non-measurable level from an initial load of 10" CFUmL™*, as
determined by a method of the National Committee for Clinical
Laboratory Standards Institute.”” The enzymatic hydrolysis
lignin has plenty of phenolic and carboxylic groups which
disturbs the bacterial cell membrane. Besides, the grafting of
amino acid groups enhances the positive charges and causes
cell membrane rupture.**

Catel-Ferreira et al. (2015) developed a novel bio-based anti-
viral face mask through the laccase enzyme-mediated modifica-
tion of the nonwoven cellulosic fibre filter with catechin
polyphenols. The modified filter targets the viruses and produced
5 log,, reductions against T4D bacteriophage in 1 h, determined
using a laboratory aerosol filtration setup with an effective
filtration area of 15.9 cm®. According to the report, the best virus
capture factor was obtained when two numbers of this modified
cellulosic filter are placed inside the medical face mask. This bio-
based antiviral face mask also showed excellent antiviral activity
against the T4D bacteriophage virus of E. coli B.**®

6.4. Miscellaneous agents

Quan et al. (2017) found that saline coatings can enhance the
hydrophilic character of face mask surfaces, which promotes
microbial adhesion.”® NaCl was incorporated as an active
moiety in the middle PP layer of a three-ply surgical face mask
in the study. Saline loading of 18.6 mg cm > showed 85%
filtration efficiency against HIN1 influenza virus aerosol (2.5 to
4 pm), using a laboratory aerosol filtration setup. Saline coated
filters demonstrated complete hemagglutinin activity (HA) loss
of adsorbed virus (physical destruction of the virus) within
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5 min contact time. I vivo experiments on mice exposed to viral
aerosol derived from saline coated filters showed higher
survival against the H1N1 influenza virus and other strains,
including A/Puerto Rico/08/1934 (PR/34 H1N1) and A/Vietnam/
1203/2004 (VN/04 H5N1). Further, it was observed that the
saline remains coated on the filters retaining its performance
even after storing for 15 days at 37 °C and 70% relative
humidity. Even though a change in grain orientation was
observed, the stability of coating was ensured even under harsh
environmental conditions. When bioaerosols come in contact
with salt, it will cause the salts to dissolve locally and the
osmotic pressure imbalance happens to the bioaerosol. Due to
evaporative drying, the salt concentration increases and attains
super-saturation, resulting in recrystallisation of salt. The
physical damage due to membrane perturbation and protein
denaturation during recrystallisation and osmotic imbalance
results in inactivation of the bioaerosol. The physical damage is
linked to the HA activity loss of the virus in the above study.***”

Iodine, along with an element in period 4 to period 6 and
group 8 to group 15 (Cu, Ag, antimony, iridium, germanium,
tin, titanium, palladium, bismuth, gold, iron, zinc cobalt,
nickel, indium and mercury) are active antiviral agents. It is
reported that these antiviral agents can be immobilised on
fibres of face masks, filters, clothes, and polymers such as
polyester, PE, PET, PAN, PP, PVA, polyvinyl chloride (PVC),
polytetramethylene terephthalate, polybutylene terephthalate
polyamide, polyacrylic acid, polytetrafluoroethylene, kevlar,
poly(methyl methacrylate), cupra, polynosic, tinsel, rayon, wool,
cotton, silk, hemp, and bamboo to yield potential antimicrobial
fabrics.'”® Heimbuch et al. (2006) incorporated a thin coating of
iodine releasing polymer on P95 face masks and found 4.3 log,,
reduction in MS2 coliphage.” Iodine based antimicrobial
masks such as iodine-based flat-panel N95, iodine-based cup-
shaped P95, and NIOSH approved SafeLife N95 filtering face-
piece respirator (FFR) with Triosyn (iodine) agent have been
studied for their antimicrobial efficacy.>'® In a study, it was
observed that both the antimicrobial FFR, i.e. iodine-based flat-
panel N95 (AM-N95) and iodine-based cup-shaped P95 with
exhalation valve (AM-P95) demonstrates no significant differ-
ence in physical and viable penetration tests. This implies that
the performance is based on physical effects rather than anti-
microbial qualities.” Both the iodine-based antimicrobial FFR
did not show enhanced performance over conventional N95 and
P100 FFRs.

Since the discovery of graphene in 2004, it has been a widely
used nanomaterial for several applications, including antimi-
crobial application. The first report on the antimicrobial activity
of graphene was published in 2010. According to data, 85 pg
mL " of graphene oxide has shown a 98.5% reduction in E. coli
load from an initial load of 10’ CFU mL™".2* The antimicrobial
activity of graphene is attributed to the physical destruction of
the cell membrane upon contact with the sharp edges of gra-
phene. According to Kumar et al. (2019), the generation of ROS
and the consequent exertion of oxidative stress that damages
the proteins and lipids of the cell membrane is the major
pathway of antimicrobial action.” Among various nanoscale
carbon derivatives, graphene,”** graphene oxide,***** and
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Fig. 7 Overview of various antimicrobial agents employed in antimicrobial face masks.

reduced graphene oxide>* are employed to make antimicrobial
fabrics effective against bacteria and viruses.?">*%>7
Laser-Induced Graphene (LIG) was discovered in 2014. The
method uses an infrared laser scriber to convert carbonaceous
materials into porous 3D graphene under an ambient environ-
ment. It is a surface graphitising technique used for patterning
graphene in various shapes on desirable substrates.”*>*
Recently, LIG technology is being explored to develop self-
decontaminating face masks. Zhong et al. (2020) employed
LIG technology to deposit graphene over a commercial surgical
face mask.”"® Contact angle measurements revealed graphene-
coated mask provides a superhydrophobic surface (contact
angle > 140°), which prevents the attachment of virus-laden
droplets onto the face mask surface. From photothermal
studies, it was revealed that on exposure to sunlight, the
temperature of the graphene-coated face mask spikes to 70 °C
in 40 s, with potential to eliminate any virus deposited on the
face mask surface (any virus is expected to be inactivated at 70
°C). However, a thorough evaluation of the antimicrobial
property and bioaerosol filtration efficiency need to be carried
out to implement it in the real field applications. In a similar
study, Huang and co-workers (2020) observed that LIG depos-
ited commercial surgical face mask exhibited 81.57% reduction
against E. coli load from an initial from an initial load of 10” to

6558 | RSC Adv, 2021, N, 6544-6576

10® CFU mL ™. The face mask demonstrated 100% inhibition
against E. coli when irradiated at 0.75 kW m> sunlight for
10 min.”"* The present environmental problems faced due to
single-use face masks can be overcome by developing similar
self-cleaning or self-sterilising mask, which assures the reus-
ability of face masks. An overview of Section 6.1 to 6.4 regarding
various AMA is given in Fig. 7.

6.5. Methods of incorporation of antimicrobial agents

AMA can be incorporated into a face mask through various
methods such as dip coating, spray coating, melt-blowing, and
electrospinning. The diagrammatic representations of these
techniques are illustrated in Fig. 8.

Dip coating is a method of depositing a thin homogenous
layer of a solution containing particles of ceramic, metallic,
fibrous materials, biomolecules, and polymer films to form
a coating on the substrate. The process is done in 5 stages:
immersion, start-up, and deposition, followed by drainage and
evaporation. The thickness of the coating depends on the
solution properties such as surface tension, viscosity, density,
and processing parameters such as withdrawal speed, evapo-
ration rate, and duration of immersion, start-up, and deposi-
tion.*** This technique is restricted to flat or smooth surfaces,
and it is not suitable for selective coating a single side of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) Dip coating; (B) melt-blowing; (C) electrospinning; this figure is adapted from the ref. 212 and 213 with modifications.

object. The instability of the precursor in case of fast conden-
sation, large requirement of the coating solution, and difficulty
in handling are the critical issues. Fig. 9(A)-(C) depicts SEM
image of cotton, polyester and nonwoven fabric soaked with
a microcapsule based on extractant of Scutellaria baicalensis.
However, it is observed that the dip (soak) method has resulted
in aggregation of microcapsules resulting in non-uniform
distribution. Fig. 9C also shows that nonwoven fabric has
randomly fashioned fibres with disordered and unsystematic
features. Spin coating can address these issue and is a preferred
method over dip coating for the said purpose.** Spin coating is
practised to incorporate compounds such as QACs, antimicro-
bial peptides, N-halamine, metal NPs, and phosphonium salts
onto fabrics.***

Spray coating employs liquid spray to coat the material
surfaces. Cold spray and thermal spray are the two types of spray
coating. Cold spray is a suitable method for ceramics, metals,
nanostructured materials, polymers, and non-metallic
substrates. The solution is accelerated over a velocity range of
300-1200 m s~ ' via De-Laval nozzle.*” Since the particles are
passed at high velocity, the plastic deformation on the surface
disrupts the thin film. Metals like Cu cannot be used in this
technique since the high impact energy disrupts the surface.
Spray technique is used to incorporate antimicrobial agents like
QACs, fluorochemicals, natural compounds onto the surface of
face masks.'**"'%119218 Fig. 10 shows the SEM image of
a commercial three-layer mask spray-coated with QAC-based
compound GS5. The white and opaque coating over the fibres

Fig. 9 SEM images of fabrics incorporated with Chinese herb microcapsule: (A) cotton; (B) polyester; (C) nonwoven; this figure is reproduced
from the ref. 120 (Gigvvy science open access publishing platform, subject to CC BY-SA 4.0 creative common attribution license).
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Fig. 10 SEMimages: (A and B) first-layer; (C and D) second-layer; (E and F) third-layer of a commercial three-layered surgical mask coated with
1% GS5. (A), (C) and (E) have a magnification of 150 x. White boxes in (A), (C), and (E) is magnified by 1000x, as shown in (B), (D), and (F). This figure
is reproduced from ref. 100 with permission from Taylor & Francis, copyright 2016.
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Fig. 11 SEM image: (A and D) PMMA-DCDMH; (B and E) PMMA-DBDMH; (C and F) PMMA-DCDMH/DBDMH; TEM image: (G) PMMA-DCDMH;
(H) PMMA-DBDMH; (I) PMMA-DCDMH/DBDMH nanofibres developed through electrospinning. This figure is reproduced from the ref. 229 with
permission from American Chemical Society, copyright 2016.
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viruses, spores, and protozoa
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e Electric charge repels particles deposited

® 99% effective against 0.3 um particles
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LIGC Applications (US)
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e Reusable cotton face mask potent up to 10 cycles

e Repels the PM 2.5 dust

99.95% effective against S. aureus

within 24 h

Graphene and other carbon

nanomaterials

PlanarTECH & IDEATT's

Graphene-enhanced

face mask**?
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2AM (UK) and Thailand

e Costs 24.95 USD for a pack of three

e FDA cleared UVC N99 face mask

99.99% reduction of influenza A

virus

Ultraviolet C (UVC)

Redcliffe medical Devices

Inc. (US)

Leafz43,244
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e HEPA and active carbon filters

® 99.9997% filtration of 0.3 um size
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represents the GS5 coating. However, it is reported that spray
coating remains mostly on outer surfaces without much pene-
tration into crevices or shadowed region where microorganisms
can get stuck.'®

In the melt-blowing technique, nanofibres (unbonded and
self-bonded webs) are formed by blowing molten thermoplastic
resin at high velocity from an extruder die tip to the collector.*
The diameter of the nanofibre (<0.1 um, 0.5 to 10 pm, =10 um)
can be optimised based on the airflow velocity.””® The factors
such as polymeric types, airflow velocity, die to collector
distance, angle of approach, polymer throughput rate, and
temperature play a role in forming fibres. Usually, PP, poly-
butylene terephthalate, PET, and polylactic acid-based
nonwoven materials can be formed using this process.”*
Melt-blowing helps in developing breathable fibres, which can
act as efficient filters. Double quaternary ammonium salts,***
alkylammonium microbicides on perlite,”® Ag,** natural
compounds,™® and CuO® have been incorporated into fabrics
using this technique.

Electrospinning is a facile methodology that aids in the
preparation of nonwoven nanofibres. The method is applicable
for both natural and synthetic polymers, metals, ceramics, and
polymer alloys. The polymers like PS, PVA, PAN, and polyvinyl
pyrrolidone can be electrospun to yield nanofibres to prepare
disposable face masks.””® In the electrospinning process, the
polymeric solution in the syringe is passed through single or
multiple needles at a constant rate with the help of a syringe
pump.”** The droplets get charged under a high electric field,
and the electrostatic repulsion overcomes the surface
tension.””® The charged jet gets ejected and is directed towards
the collector as thin nanofibres. The collector can be a flat plate,
parallel plates/strips, or a rotating disc or drum. The diameter
of the nanofibres is controlled by solution and process param-
eters.””® Most organic polymers, including natural polymers like
chitosan, chitin, silk fibroin, dextran, collagen, alginate, gelatin,
and synthetic polymers such as PS, PVC, PAN, PET, poly-
urethane, polyamide, are suitable for electrospinning.”’
Biocompatible and biodegradable polymers such as polylactic
acid, poly lactic-co-glycolic acid, conductive polymers such as
polyaniline, polypyrrole, and functional polymers as poly-
vinylidene fluoride can also be electrospun.®*® Electrospinning
technique can be employed to develop air filtration membranes
and protective clothing materials with antimicrobial substances
like metal NP, antibiotics, biopolymers, carbon nanomaterials,
and natural compounds.**”?>**

It has been observed that when compared to dip (soak) and
spray coating, incorporation of AMA during electrospinning
yield even distribution without aggregation. Fig. 11(A)-(C)
shows randomly oriented, straight and continuous features of
electrospun poly(methyl methacrylate) (PMMA) with 1,3-
dichloro-5,5-dimethylhydantoin (DCDMH), 1,3-dibromo-5,5-
dimethylhydantoin (DBDMH) and DCDMH/DBDMH. Here,
DCDMH and DBDMH are N-halamine based antimicrobial
compounds. From Fig. 11(D)-(F), it is clear that electrospinning
PMMA along with DCDMH and DBDMH shows coarse features
of the nanofibres. The transmission electron microscope (TEM)
images of PMMA with DCDMH, DBDMH and DCDMH/DBDMH

© 2021 The Author(s). Published by the Royal Society of Chemistry
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as shown in Fig. 11(G)—(I) reveals the uniform distribution of
DCDMH and DBDMH without any noticeable aggregation, ob-
tained through electrospinning.

6.6. Antimicrobial face masks in the commercial market

Recent face masks launched in the market reveals that research
and development are progressing towards creating novel anti-
microbial face masks. Worldwide many start-ups are actively
involved in the production of antimicrobial face masks/
respirators. Table 2 provides the details of various commer-
cially available antimicrobial face masks.

Worldwide companies are competing to develop novel anti-
microbial face masks claiming to be safer, effective, and envi-
ronmentally friendly than existing ones. The same can be
comprehended from the current market potential of face masks
discussed in Section 6 of the review.

7. Market potential of face masks

The face mask market depends on various factors such as
decreasing air quality linked to air pollution, customer base, the
number of manufacturing units for the production of face
masks,*** the prevalence of respiratory diseases along with
consumer health awareness, investment in the healthcare
sector, and new launches in the market and its availability. The
market is categorised based on usage (reusable, disposable),
end-use (public, healthcare workers), and region (North Amer-
ica, Latin America, Europe, Asia Pacific, Middle East & Africa). A
market research-based company, Zion, has analysed the global
scenario on the PPE market, especially on face masks.>*® It
reports that the worldwide market for the N95 face mask
reached around 822.6 million USD in 2019, and it can generate
an income of about 1890.3 million USD by the end of the year
2026, representing an impressive compound annual growth rate
(CAGR) of over 12.8% during the forecast period. COVID-19 and
2009 H1N1 outbreaks have surged the demand for face masks
and respirators among the frontline workers and the general
public. The Asia-Pacific region has the highest disposable
market share of 33.9% in the year 2019, with a rising trend due
to increasing demand for N95 face masks in highly populated
countries like China and India.**’

China is the producer of half the world's face mask, even
before COVID-19. Other countries are highly dependent on
them to procure nonwoven PP fabrics.>*® PP is of high demand
as the nonwoven PP face masks are free from latex, PVC, and di
(2-ethylhexyl) phthalate material. PP resists allergic reactions
for consumers with sensitive skin.*"” It is reported that during
January to May 2020 in China, more than 70 000 companies
have registered for face mask production or trade, bringing
a 13.56 fold increase compared to 2019.>* More than 7000 new
companies have registered to make or trade the melt-blown
fabric incurring 23.77 times surge compared to 2019. The data
support that COVID-19 has resulted in a rise in the investment,
research, and development in the N95 face mask market.
However, the high cost and disparity in the performance can
restrict the global growth of the N95 market in the future.”*®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The demand for disposable face masks is rising due to its
widespread availability even in online shopping platforms like
Amazon.com, Inc., and eBay Inc., and this trend is expected to
continue in the near future.”” Besides, retail stores like super-
markets, hypermarkets, drug stores, and department stores also
contribute to the global face mask market shares.”*® However,
fake brands are playing in the market where the customers are
highly price-sensitive, which affects the trade of genuine prod-
ucts.”®* Currently, the global key players dominating in respi-
rators and face masks market are 3M, Hakugen, Vogface mask,
Prestige Ameritech, Kimberly-Clark, Ansell, Sinotextiles,
Dasheng, DACH Schutzbekleidung, Uvex group, Honeywell
International Inc, Moldex-Metric, Inc., Kowa Company, Ltd., the
Gerson Company, and SAS Safety Corp.>*

The unprecedented situations brought by COVID-19 have
increased the markets for antimicrobial face masks as well. It is
reported that consumer awareness and health concerns due to
escalating fungi and bacteria prone diseases drives the demand
for breathable antimicrobial coatings. Incorporation of anti-
microbials on face masks can enhance the reusability of face
masks. It is reported that the reusable N95 respirators recorded
the highest market share in 2019 due to its superior advantages
over the disposable N95 respirators.**® In contrast, the UK and
US promote single-use or disposable face masks, as they abolish
the need for sterilisation after use and avoids cross-
contamination with other reusable products.**> North America
and Europe take up a significant share in the breathable anti-
microbial coating, including antimicrobial face masks. The
market potential in the Asia-Pacific region is expected to
improve as they will exhibit a considerable consumption rise in
the forecast period from 2019 to 2026.>>*

Major retailers like Amazon and Etsy have taken up the large
customer base of antimicrobial face masks. The escalating
trend also has boosted the activity of biotechnology companies.
Studies demonstrating the quick deactivation of COVID-19 on
Cu surfaces are definite to enhance the market potential of
antimicrobial face masks.*** The superiority of antimicrobial
face masks, with self-sanitising properties that can prevent
unpleasant odours and cross-contamination, increases the
likelihood of usage of antimicrobial face masks, as reported by
the Chief Executive Officer of Noble Biomaterials, a company
specialising in antimicrobials for soft surfaces.

8. Possible environmental impacts
associated with the usage of face
masks

In response to the control of infectious diseases, single-use
PPEs, including face masks and respirators with secondary
infection potential, opens up a serious question of their safe
and effective disposal. Improper handling and disposal of face
masks and respirators can lead to various environmental chal-
lenges soon. Medical face masks, which are rated for single-use,
pose a challenging problem of managing a large volume of
hazardous waste. Prata and team estimated that approximately
129 billion masks and 65 billion plastic gloves are used every

RSC Adv, 2021, 11, 6544-6576 | 6563
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month worldwide in the COVID-19 scenario.>®® The increasing
demand for face masks made of synthetic polymers such as PE,
PP, polyurethane, PAN, polycarbonate, PS, and polyester adds to
the plastic waste, which is harder to recycle****” and causing
a significant burden on the environment.*” It is reported that
improper disposal of even 1% of face masks can add 10 million
face masks to the solid-waste stream and pose a significant
threat to the environment.>’

New York Times reports that 80% of Americans wear face
mask regularly when going out or in close contact with other
people.”®® Data reveal that 60 to 90% of the population wears
face masks in public spaces in Spain, Italy, Germany, and
France since July 2020.>* A report estimates that if every indi-
vidual in the UK wears a single-use mask per day, it will mound
to 66 000 tonnes of contaminated waste plus 57 000 tonnes of
plastic packaging waste annually.*® Even in a normal situation,
an adult in Japan uses 43 numbers of face masks per year on
average.”®* In highly populated countries like China and India,
the volume of use is expected to be significantly high. According
to Environment Pollution (Prevention and Control) Authority,
New Delhi is presently producing more than 300 tonnes per day
of biomedical waste, which is substantially higher than the
installed combined capacity of 74 tonnes per day of the two
Biomedical Waste Treatment Centres (BMWTCs) in the
city.?®>?%* A recent report shows that COVID-19 pandemic has
doubled the generation of biomedical waste from approxi-
mately 12 to 24 tonnes per day in Mumbai.?***** On average,
India produced 600 tonnes per day of biomedical waste, and the
installed capacity of 198 BMWTCs is even inadequate to handle
the waste generated during pre-COVID-19 times.*** Hospitals in
Wuhan were producing 240 tonnes of biomedical waste per day
at the peak of pandemic in February 2020, i.e. six times the no-
COVID situation,”*** necessitating the establishment of
mobile waste treatment facilities for the mass influx of waste.>*®
Another study conducted in a few Asian cities during COVID-19
reported a 5-time daily increase in biomedical waste compared
to pre-COVID-19 time.>**

Even though there are stringent regulations and disposal
mechanisms for used PPEs in clinical settings,** most countries
worldwide are not equipped to handle the unprecedented
volume of such wastes generated in a short period. Face masks
littering creates a new form of environmental challenge for both
terrestrial and aquatic ecosystems.’” As per a United Nations
report, approximately 75% of the discarded face masks find
their way to dump yards or water bodies.>”* In the COVID-19
scenario, there have been alarming reports of washing up of
face masks on beaches resulting in maritime littering,*” which
reduces the aesthetic and recreational values of coastal areas
impacting the tourism industry.””**”> The dispersed face masks
in the aquatic system are a source of riverine and marine
pollution with microplastics and microfibres.””® The micro-
plastics in face masks often contain phthalate, polybrominated
biphenyl ether, nonylphenol, organotin, and triclosan, which
are toxic and can cause high risks when released during their
disintegration.”* The microplastics leached from the face
masks get ingested in marine animals like fishes and
sharks.?”>*”* Through the fishes and other aquatic animals, the
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microplastics enter the food chain and pose health risks to
living beings at higher trophic levels."”

The ongoing COVID-19 pandemics has also generated an
unusually large quantum of household medical wastes, and
their disposal is a mammoth task, especially for developing and
populated countries like India. Data reveals that 3 billion
people lack access to safe disposal mechanisms worldwide
and relies on open, uncontrolled dumping and burning of
used face masks and gloves. When mixed with municipal
solid wastes, these wastes lead to a large mass of hazardous
waste if not correctly segregated.>”® Improper waste collection
and management systems, together with ignorance and
irresponsible behaviour of ordinary people, can further
burden the environment. The only means of disposal of face
mask for them remains dumping or burning. Piling up of
used face masks on roadside and dump yards can inflict
health threat to individuals, sanitation workers, animals,
birds, and rodents coming in contact with contaminated face
masks. In contrast, open burning or uncontrolled incinera-
tion practices of the petrochemical-derived face masks can
release harmful gases, including dioxins and furans, into the
environment.*?7*7°

The conventional waste management systems like landfilling
and incineration have limitations. The poorly maintained
incinerators and overloaded landfills are not equipped to
handle hazardous nature of face masks, causing emissions and
leaching of toxins.>” On the other hand, the land disposal of
face masks can result in the release of biohazards, micro-
plastics, and AMA and contaminate the soil and water bodies.
The carbon footprint exerted from the polymer resin produc-
tion, conversion, and disposal stage is critically high.>”® It is
reported that 2.7 tonnes of greenhouse gas could be potentially
released into the environment per tonne of face mask from the
polymer resin production stage alone.””® Studies reveal that one
tonne of PP, PE, PS, and PVC produces 1.5, 2.4, 3.1, and 2.2
tonnes of CO, during the production stage and 1.7, 1.6, 2.1, and
0.9 tonnes of CO, during incineration with energy recovery,
respectively.>””*7®

Recently, efforts are made to improve the life and reusability
of the face mask by incorporating AMA. Reusable antimicrobial
face masks have been found useful for multiple cycles and can
reduce the waste generation significantly. Though such face
masks are promising in reducing the volume of waste generated
and associated environmental impacts, experts are somehow
worried about the fate of AMA at the service life of face
masks. Since most of the AMA incorporated onto face masks
are in nano-forms, the unpredictable interaction of these
materials with the surrounding environment raises the issue
of nanotoxicity.””® Waste treatment options such as land-
filling, incineration, or even recycling do not nullify the
harmful effects posed by the NPs.?** A portion of the NPs gets
released through emissions and leaching and impacts the
microenvironment. Moreover, there are chances that metal-
based antimicrobial materials detach from the polymer
matrix leaching into water bodies and soil matrix.”** For
instance, during washing and reuse of face mask, the NPs
leaching from the surface reduces the antimicrobial efficacy
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of face masks and finds their way into aqueous media.*®***
The fate of the AMA in water, soil, and air media has to be
looked into to get a full picture of the environmental
compatibility of antimicrobial face masks.

Apart from the environmental concerns, health impacts
from the use of such novel AMA have to be studied. The health
impacts arising out of face mask are of a high priority since the
antimicrobial compounds will be in very close contact with the
skin. Few studies express concern over the use of NPs in
consumer products due to exposure to occupational and envi-
ronmental hazards.>®*?** The principal mechanism by which
metal NPs induce toxicity is through the formation of ROS,
followed by oxidative stress in cells and tissue.””**** ROS in
contact with skin is known to develop dermatological disor-
ders.”® So it is highly recommended to conduct tests to evaluate
skin irritation and user comfort for any combination of
different classes of antimicrobials. While implementing novel
technology, the evaluation of biocompatibility and cytotoxicity
should be of prime concern. The data warrant an integrated
approach for effective PPE waste management to reduce the
microbial transmission with the least health and ecological
implications.

9. Conclusion

The large-scale outbreaks of infectious diseases and associated
public health crisis are not new to human history. Flu viruses,
non-flu viruses, and human coronavirus are the significant
causes of pandemics starting from Russian flu-1889 to COVID-
19. These great pandemics of the past and the present have
posed significant public health issues and negatively impacted
society, economy, global security, and the environment to
a great extent. With the onset of the COVID-19 pandemic,
economies worldwide have weakened significantly due to pro-
longed lockdown. The pandemic has killed several thousands of
people worldwide directly and indirectly. The pandemic has
also taken away the opportunities and livelihoods and pushed
several families to hunger and poverty, and caused irreversible
damage to society.

Countries across the world have taken several control
measures to prevent the spread of COVID-19 and save the lives
of their citizens. However, the advisories given to use face
masks in public seems to be the most effective and practical
short-term measures taken to prevent the spread of the disease.
Face masks are proven effective in preventing the airborne,
droplet, and aerosol transmission of pathogenic microorgan-
isms. Its role in preventing the spread of infectious diseases are
well recognised and time tested. The same is apparent in the
ongoing COVID-19 pandemic as well. Given the role of face
masks in pandemic preparedness, face masks have evolved in
material and design to meet the increasing safety and comfort
requirements from the cotton coverings of the middle ages to
the recent hi-tech smart face masks. However, most of the face
mask available in the commercial market are designed and
developed for single-use. The widespread use of disposable face
mask can pose a significant challenge to the environment due
to the high generation of hazardous waste.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

The risk of secondary transmission, cross-contamination,
and the difficulty in managing a large quantum of plastic
waste laden with biohazards has heightened the development
of reusable face mask with inherent antimicrobial properties.
The reusable antimicrobial face masks can also reduce the
surge in demand and the stress in the supply chain. It is
established that antimicrobial face masks exhibit enhanced
performance over conventional face masks by providing in situ
real-time antimicrobial control. However, choosing the right
AMA is crucial for optimal performance. Now there are different
classes of AMA that can be appropriately used in various
combinations to yield a novel and effective antimicrobial face
mask. Among various AMA studied, Ag and Cu infused anti-
microbial face masks are more popular owing to their high
reactivity and excellent antimicrobial efficacy in nano-forms.
However, the detachment of the nanoparticles from the face
mask and associated nanotoxicity are the concerns. Metal and
metal oxide nanoparticles incorporated through electro-
spinning and melt-blowing techniques have shown higher
stability and less leaching.

New classes of AMA such as antimicrobial polymers (with
active moieties like antimicrobial peptides, QACs, N-halamine
compounds), iodine, NaCl, and natural compounds such as
mangosteen extracts, extracts of Scutellaria baicalensis extracts,
Folium Plectranthii amboinicii oil, Vitex trifolia, Punica granatum,
Allium sativum are identified as effective against various
microorganisms including viruses. Polymers, which acts as the
primary substrate for face masks, can be fine-tuned to impart
bio-active and bio-passive properties. The active moieties like N-
halamines, QACs, PEI, BP, polypyrrole, and inorganic groups
(mostly metals) have been incorporated to yield various anti-
microbial polymers suitable for making a reusable face mask.
Among these, N-halamine and QACs are proven powerful
against a broad spectrum of microorganisms. Bath coating,
spray coating, and immobilisation via carriers have been
employed to yield QACs modified antimicrobial fabrics. Direct
polymerisation of monomers and covalent attachment of QACs
may enhance the stability of the coating and the perfor-
mance. All the studies pertaining to N-halamines reports
high effectiveness in short contact times in antimicrobial
fabrics. However, the real field applicability of N-halamine on
face masks has not been explored yet. Natural compounds
and antimicrobial peptides are promising AMA due to less
ecotoxicity and proven antimicrobial properties. Besides
these compounds, saline coatings and iodine (employed in
NIOSH approved commercial face masks) have been investi-
gated for their antimicrobial properties after incorporation
on face masks. Lately, graphene-coated face masks are
gaining much prominence their  self-
decontaminating property.

Research on antimicrobial face masks started gaining
momentum after the SARS-2003 epidemic. Further with the
onset of COVID-19, the spike in demand for antimicrobial
face masks has escalated its market share. The CAGR growth
of 12.8% of the face mask market between 2020 and 2026
project the potential opportunities in investment, innova-
tion, research, and development in the area. However, the
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mushrooming sales of antimicrobial masks, without
adequate quality control, in online and offline shopping
platforms is a cause of concern.

Though antimicrobial face masks seem superior over
conventional face masks on multiple facets, a detailed study on
various aspects associated with their usage and disposal should
be performed to understand their short and long-term benefits
and drawbacks. Besides, the methods reported for testing
antimicrobial activities are different for different micro-
organisms studied, assays used, and experimental setup. The
lack of a standardised methodology makes it difficult to
compare their performance. In this context, extensive research
is also needed to develop a robust protocol and validating
standards about the use of AMA, antimicrobial loading, and
testing the antibacterial and antiviral activity of antimicrobial
face mask. The performance of antimicrobial face masks should
be evaluated for both antibacterial and antiviral activities, to
establish the claim of “antimicrobial face mask” on more
substantial grounds for developing a protective face mask.
There should be a thorough evaluation of the biotoxicity and
ecotoxicity associated with the AMA and the antimicrobial face
masks. The risk of unknown toxicity calls for proper assessment
of, skin compatibility, and stability of the antimicrobial coat-
ings. Therefore, proper usage, reuse, and disposal protocol
should be formulated to avail the full benefits. In short, there
are ample opportunities for various stakeholders dealing with
the antimicrobial mask to develop affordable, safe, and efficient
antimicrobial face mask that can overcome the challenges
present with the single-use face masks.
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