Advances in Colloid and Interface Science 292 (2021) 102435

Contents lists available at ScienceDirect

Advances in Colloid and Interface Science

journal homepage: www.elsevier.com/locate/cis

Historical Perspective

Face masks against COVID-19: Standards, efficacy, testing and K

Check for

decontamination methods e

Jerry TJ. Ju?, Leah N. Boisvert®, Yi Y. Zuo P

2 Department of Mechanical Engineering, University of Hawaii at Manoa, Honolulu, HI 96822, United States
b Department of Pediatrics, John A. Burns School of Medicine, University of Hawaii, Honolulu, HI 96826, United States

ARTICLE INFO ABSTRACT
Article history: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus responsible for the novel coronavirus
27 April 2021 disease 2019 (COVID-19), has caused a global pandemic on a scale not seen for over a century. Increasing evi-
Available online 29 April 2021 dence suggests that respiratory droplets and aerosols are likely the most common route of transmission for
- SARS-CoV-2. Since the virus can be spread by presymptomatic and asymptomatic individuals, universal face
gg(/";/]gf; masking has been recommended as a straightforward and low-cost strategy to mitigate virus transmission. Nu-
SARS-CoV-2 merous governments and public health agencies around the world have advocated for or mandated the wearing
Mask of masks in public settings, especially in situations where social distancing is not possible. However, the efficacy
Particle of wearing a mask remains controversial. This interdisciplinary review summarizes the current, state-of-the-art
Filtration understanding of mask usage against COVID-19. It covers three main aspects of mask usage amid the pandemic:
Decontamination quality standards for various face masks and their fundamental filtration mechanisms, empirical methods for
quantitatively determining mask integrity and particle filtration efficiency, and decontamination methods that
allow for the reuse of traditionally disposable N95 and surgical masks. The focus is given to the fundamental
physicochemical and engineering sciences behind each aspect covered in this review, providing novel insights
into the current understanding of mask usage to curb COVID-19 spread.
© 2021 Elsevier B.V. All rights reserved.
Contents
1. Introduction. . . . . . . . . e e e e e e e e e e e 2
2. Epidemiological evidence of using face masks against COVID-19 . . . . . . . . . . . . . 0 i i i e e e e e e e e 3
3. Standards, testing methods, and efficacy of face masks. . . . . . . . . . L L L L L e e e e e e 4
3.1.  Standardsand definitions . . . . . . . .o Lo e e e e e e e e 4
3.2,  Filtration mechaniSms . . . . . . . . . . L e e e e e e e e e e e e e e e 6
33. Masktestingmethods . . . . . . . . . L L e e e e e e e e e e e 8
34. Material and structure of N95 and surgical masks. . . . . . . . . L L L L L e e 9
3.5.  Efficacy and designof clothmasks . . . . . . . . . . e e e e e e e 9
3.6. Comparison of N95, surgical,and cloth masks . . . . . . . . . . . . . . . e e e e e e e e 9
4. Decontamination and reuse of Masks . . . . . .. L L L L e e e e e e e e e 11
4.1. Ultraviolet germicidal irradiation . . . . . . . . . . . L L e e e e e e e e e e e e e e 12
42. Heattreatment . . . . . . . . . . . . . i ittt e e e e e e e e e e e e e e e e e 12
43. Vaporized hydrogen peroxide sterilization. . . . . . . . . . . . L L L e e e e e e e e e e e e e e 13
Abbreviations: BFE, bacterial filtration efficiency; CDC, Centers for Disease Control and Prevention; COVID-19, coronavirus disease 2019; ECDC, European Centre for Disease Prevention

and Control; EtO, ethylene oxide; FDA, Food and Drug Administration; FFR, filtering facepiece respirator; FFP, filtering facepiece; MGB, Mass General Brigham; MPPS, most penetrating
particle size; NIOSH, National Institute for Occupational Safety and Health; NNU, National Nurses United; PFE, particle filtration efficiency; PM, particulate matter; PP, polypropylene;
PPE, personal protective equipment; QNFT, quantitative fit test; Ry, basic reproduction number; R;, effective reproduction number; RH, relative humidity; RPE, respiratory protective equip-
ment; SARS-CoV-2, acute respiratory syndrome coronavirus 2; TCIDsy, fifty-percent tissue culture infectious dose; TIL, total inward leakage; TPI, threads per inch; UN, United Nations; UV,
ultraviolet; UVC, the UV spectrum with wavelength from 200 to 280 nm; UVG]I, ultraviolet germicidal irradiation; VFE, viral filtration efficiency; VHP, vaporized hydrogen peroxide; WHO,
World Health Organization; AP, differential pressure across a mask or filter material.
* Corresponding author at: 2540 Dole St, Holmes Hall 302, Honolulu, HI 96822, United States.
E-mail address: yzuo@hawaii.edu (Y.Y. Zuo).

https://doi.org/10.1016/j.cis.2021.102435
0001-8686/© 2021 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cis.2021.102435&domain=pdf
https://doi.org/10.1016/j.cis.2021.102435
mailto:yzuo@hawaii.edu
Journal logo
https://doi.org/10.1016/j.cis.2021.102435
Unlabelled image
http://www.sciencedirect.com/science/journal/00018686
www.elsevier.com/locate/cis

J.TJ. Ju, LN. Boisvert and Y.Y. Zuo

Advances in Colloid and Interface Science 292 (2021) 102435

44. Ethyleneoxide treatment . . . . . . . . . . . v v i i i e e e e e e e e e e e e e e e e e e e e e 13
45. Ethanoltreatment. . . . . . . . . . . . . L e e e e e e e e e e e 13
4.6. Nano-enabled reusable masks . . . . . . . . . .. L e e e e e e e 13
47. Comparison of decontamination methods . . . . . . . . . . . . L L L e e e e e e e e e e e e e e e 15
5. Concluding remarks . . . . . . . . . L e e e e e e e e e e e e e e e e e e e 16
Declaration of Competing INterest . . . . . . . . . . . . L e e e e e e e e e e e e e e e e e 16
Acknowledgements . . . . . . . . . L e e e e e e e e e e e e e e 16
References . . . . . . . . . e e e e e e 16

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
virus responsible for novel coronavirus disease 2019 (COVID-19), has
caused a global pandemic, infecting more than 146 million people
worldwide and causing over three million deaths since its initial out-
break in December 2019 [1]. Among all plausible routes, increasing ev-
idence suggests that airborne transmission of SARS-CoV-2 via
respiratory droplets and aerosols is most likely responsible for the
rapid spread of COVID-19 [2-8]. Respiratory droplets, which have a rel-
atively large size of 5-10 um, are emitted when an infected individual
coughs or sneezes (Fig. 1a) [9]. In comparison, aerosols are nuclei of re-
spiratory droplets that form after evaporation, and are usually less than
5 um in size [10]. Viral particles have been found in respiratory droplets
and exhaled aerosols of infected individuals [11,12], and are bound to
inhalable aerosols in the atmosphere, eg, PM2.5 [7,13,14].
Accumulating evidence suggests that respiratory droplets and aerosols
expelled during a sneeze or cough can travel up to 12 to 26 f. (Fig. 1b
and c) [15,16], significantly farther than the 6-ft social distancing guide-
line recommended by the Centers for Disease Control and Prevention
(CDC) of the United States. Due to their small size and hence negligible
influence by gravity, aerosols generally remain afloat in the air for

prolonged periods of time, causing an additional threat of airborne
transmission, especially in indoor environments with poor ventilation.

Given the evidence that COVID-19 can be spread by presymptomatic
and asymptomatic individuals, universal face masking has been recom-
mended as a low-cost and efficient means of mitigating virus transmis-
sion. However, the efficacy of wearing a mask remains controversial and
compliance is low in some regions. Policy makers from different govern-
ments and organizations have put forth conflicting regulations and
guidelines on mask usage. On March 11, 2020, the World Health Orga-
nization (WHO) designated the COVID-19 outbreak as a pandemic. In
April 2020, the WHO claimed that there was not enough medical evi-
dence to support universal masking of healthy people and advised the
public not to wear face masks unless coughing, sneezing, or caring for
a patient with suspected COVID-19 symptoms. This was recommended
as part of a global effort to alleviate personal protective equipment
(PPE) shortages among healthcare workers [17,18]. On June 5, 2020,
the WHO released new interim guidance concerning the use of masks
amid the COVID-19 pandemic, separating its advice for healthcare
workers and for the general public. Although there is a lack of published
work evaluating the efficacy of universal masking by healthcare
workers to prevent spread of SARS-CoV-2, the continuous use of
masks by healthcare workers in clinical settings is widely supported.

Fig. 1. Respiratory droplets and aerosols expelled during a sneeze or cough. (a) Droplet formation by a sneeze. The large millimeter-sized, semi-ballistic droplets (green) settle with gravity,
while the multiphase cloud/puff comprised of small aerosols (red) propagates over a longer distance. Adapted with permission from [9]. Copyright 2020 Elsevier. (b) A picture of
multiphase turbulent gas clouds formed by a human sneeze, obtained with a high-speed camera. It shows that clusters of droplets/aerosols travelled 7-8 m, i.e., up to 26 ft. Adapted
with permission from ref. [15]. Copyright 2020 JAMA. (c) Time-dependent path of an emulated, uncovered, heavy cough jet. The jet is composed of vaporized droplets and aerosols,
visualized with a green laser. It can be seen that the jet travels up to 12 ft within 53 s. Adapted with permission from [16]. Copyright 2020 American Institute of Physics.
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For the general public, the use of cloth masks in public settings, such as
grocery stores and places of worship, especially in regions with known
or suspected widespread transmission, or in situations where physical
distancing is not possible, has been encouraged by the WHO and
many policy makers [19].

As of July 2020, the CDC recommended that all Americans wear
masks in public settings [20]. This recommendation was made, at
least in part, due to a report from a hair salon in Missouri that demon-
strated the efficacy of wearing masks [21]. In May 2020, two hairstyl-
ists in Springfield, Missouri received positive test results for SARS-
CoV-2 and were exposed to 139 clients in total since the onset of
their symptoms [21]. Both stylists, as well as all 139 clients, wore
some kind of facial covering while in the salon, with the stylists wear-
ing either a double-layered cotton face covering or a surgical mask.
Despite their proximity to the infected stylists, for appointments rang-
ing from 15 to 45 min in duration, it was found that none of the 139
clients developed COVID-19 symptoms within the two-week quaran-
tine period. Furthermore, of the 67 clients tested, all results were neg-
ative. Interestingly, the type of face mask worn by the 139 clients
varied, with only two clients wearing N95 masks, 46% wearing surgi-
cal masks and 47% wearing cloth masks [21]. Although anecdotal, this
incident suggests that consistent and proper usage of facial coverings
can help minimize symptomatic transmission of SARS-CoV-2 during
close contact, as at a hair salon. In fact, it appears that COVID-19 trans-
mission rates are generally lower in countries and regions where citi-
zens are accustomed or required to adopt universal masking, such as
many parts of Asia [22,23]. Simulations and mathematical models
have also predicted that the adoption of universal masking would sub-
stantially curtail the spread of COVID-19 [24].

Here we review the current understanding of face masks and filter-
ing facepiece respirators (FFRs), and their efficacy in mitigating the
spread of COVID-19. First, we briefly introduce available epidemiologi-
cal evidence supporting mask usage in the community to curb the
spread of COVID-19. We then introduce definitions and filtration mech-
anisms of various face masks and FFRs. Next, we focus on the available
testing methods capable of quantitatively evaluating the physical integ-
rity and filtration efficiency of various masks, and finally, we discuss
available decontamination methods to allow for the reusing of masks
and FFRs. This review examines the current controversy surrounding
universal mask-wearing and its efficacy in curbing COVID-19 transmis-
sion, which may help to define clearer regulations and guidelines on
mask usage for both healthcare providers and the general public.

2. Epidemiological evidence of using face masks against COVID-19

Several systematic reviews of randomized controlled trials have
evaluated the effect of face masks and other physical interventions in
preventing the spread of influenza and other respiratory viruses, all of
which were performed prior to the COVID-19 pandemic [25-33].
Although SARS-CoV-2 is also a respiratory virus, it is unknown to what
degree the conclusions of these studies apply to COVID-19. Due to
ethical and logistical concerns, randomized controlled trials involving
population health measures are rare, and thus a wider evidence base
must be examined [19].

Smaller-scale observational studies have presented real-world evi-
dence that suggests mask-wearing helps mitigate community transmis-
sion of COVID-19. For example, one study examined the rate of
secondary transmission of SARS-CoV-2 in 124 Beijing households with
at least one laboratory-confirmed COVID-19 patient [34]. This retro-
spective cohort study found that face mask usage by the primary case
and the family before the onset of symptoms in the primary case led
to a 79% reduction in transmission, although it is important to note
that the study did not examine the effect of different types of masks. An-
other study examined in-flight transmission rates of SARS-CoV-2 [35]. It
was found that three flights on which masking was not required and
rarely practiced resulted in mass transmission events. In contrast, a
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flight that enforced rigid masking, although it included 25 individuals
who tested positive for COVID-19 upon arrival, only resulted in two
likely transmissions, one of which involved a passenger who was seated
in close proximity to five index cases [35]. In five 8-h flights containing a
total of 58 COVID-19-positive passengers, but with enforced, rigid
masking policies, no secondary cases were reported after two weeks
among the 1500-2000 passengers on those flights [35]. In Thailand, a
retrospective case-control study examined 1050 asymptomatic contacts
of COVID-19 positive individuals; 211 of the contacts later tested posi-
tive, and 839 of them never tested positive [36]. It was found that com-
pliance with mask-wearing during contact with the COVID-19 positive
individuals was strongly associated with a > 70% reduced risk of infec-
tion for those who always wore a mask, compared to those who never
wore one [36].

Several studies have examined the effect of universal masking at
the community level. One study of Mass General Brigham (MGB),
the largest healthcare system in Massachusetts, assessed the effect of
hospital-wide masking policies on SARS-CoV-2 infection among
healthcare workers [37]. It was found that implementation of univer-
sal masking policies at MGB was, at least in part, associated with a sig-
nificant decrease in the rate of SARS-CoV-2 infection among
healthcare workers [37]. In another study, the synthetic control
method was used to study the effect of municipal district mask man-
dates, and the point in time at which they were implemented, on
COVID-19 transmission in Jena, Germany [38]. It was found that, vary-
ing from region to region, face mask mandates reduced the number of
newly reported SARS-CoV-2 infections between 15 and 75% within the
first 20 days of their introduction. It was concluded that the
community-wide usage of face masks in all public settings led to a re-
duction in the daily growth rate of infections by 47% [38]. A similar
study performed in the United States examined the effects of state
mandates for the use of face masks in public areas on the daily growth
rate, as well as the effects of mask usage in certain work settings in
comparison to community-wide mandates [39]. The study focused
on 15 states and Washington D.C., in which all able individuals were
mandated to wear a face mask in public settings. Similarly, it was
found that face mask mandates were associated with a lower
COVID-19 daily growth rate, and that this effect increased over time
after the mandates were put in place [39].

A study of face masks performed by Goldman Sachs in June 2020
presents interesting data on self-reported mask use in different coun-
tries, finding that the percentage of people who reported wearing face
masks in public is nearly 90% in East Asia, just below 70% in the
United States and Germany, and less than 10% in Scandinavia [40].
Within the United States, it was found that mask usage was generally
lowest in the South and highest in the Northeast, with 80% of Massachu-
setts residents reporting “always” wearing a face mask in public, com-
pared to just 40% of respondents in Arizona. This study estimated that
a nation-wide mask mandate could increase the percentage of the pop-
ulation who wear masks in public by 15%, leading to a decrease in the
daily growth rate of confirmed cases by 0.6-1% [40].

A nation-wide study of Canada investigated the impact of mask
mandates and other nonpharmaceutical interventions on SARS-
CoV-2 growth across 34 public health regions in Ontario, as well
as the effect on Canada as a whole at the country level [41]. The
study of Ontario utilized variation in the timing of the adoption of
mask mandates in each sub-region, and was conducted over a rela-
tively small geographic area. The study found that within the first
few weeks after the mask mandate came into effect, the average
weekly number of newly diagnosed SARS-CoV-2 infections de-
creased by 25-31% in Ontario. On the national scale, corroborating
evidence was found, with mask mandates accounting for an esti-
mated 36-46% reduction in weekly case numbers. The study further
examined self-reported mask usage, and found that mask mandates
increased mask usage by 30%, significantly affecting public behavior
towards masking [41].
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While the methods and results presented here do vary, all available
epidemiologic evidence suggests that community-wide mask-wearing
results in reduced rates of COVID-19 infections. In epidemiologic stud-
ies, the speed and intensity of viral spread are measured by the effective
reproduction number (R;). It is defined as the average number of sec-
ondary infectious cases caused by a primary infectious case, with the
implementation of any policy, regulation, mandate, and other interven-
tions (Fig. 2a) [42,43]. The basic reproduction number (Ry) for COVID-
19, without any intervention, was estimated to be in the range of 2.4
to 3.9 [19,44]. The goal of any intervention is to achieve a reduction of
R, to below 1. It is predicted that community-wide mask-wearing is
able to reduce R, to below 1 (Fig. 2b) [45], however the effect of mask
wearing on R, depends on both adherence to policy and the efficacy of
individual masks in preventing viral particles from entering the airways
(Fig. 2c) [19]. It is expected that the best results in curbing COVID-19
transmission can be achieved through a combination of mask wearing
and social distancing (Fig. 2d) [19].
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3. Standards, testing methods, and efficacy of face masks
3.1. Standards and definitions

As shown in Fig. 3, there are four general categories of face masks.
Elastomeric respirators are designed to be reusable, N95 and surgical
masks are designed to be disposable, while cloth masks are generally re-
usable, although they are not standardized or strictly regulated [46].
Elastomeric respirators are scarcely used by the general public or
healthcare workers as they require maintenance and a supply of re-
placeable components. Hence, this review will only discuss N95, surgi-
cal, and cloth masks. A detailed comparison of these three mask
categories can be found in Table 1.

In general, any kind of face mask can impede or slow down the prop-
agation of respiratory droplets and aerosols to a certain extent (Fig. 4).
Different from face masks, however, the primary purpose of using face
shields and goggles is to prevent particle or aerosol invasion to the
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Fig. 2. Epidemiological impact of mask-wearing on COVID-19 transmission rate, measured by the effective reproduction number (R;). (a) [llustration of R, for two representative cases, R, =
1 and R, = 4, respectively. Adapted with permission from ref. [43]. Copyright 2020 JAMA. (b) R, decreases with reported mask use. The plot is stratified by quartiles of the percentage of
individuals who reported that they were “very likely” to wear a mask with family or friends and to the grocery store. Adapted with permission from ref. [45]. Copyright 2021 Lancet.
(c) Effect of public mask wearing on R, from an initial basic reproduction number Ry = 2.4. The blue area is what is needed to slow the spread of COVID-19. Each black line represents
a specific disease transmission level with R indicated. Adapted with permission from ref. [19]. Copyright 2021 PNAS. (d) Combined social distancing and mask wearing has the highest
impact on reducing R.. The horizontal dashed line was placed at R, = 0.8 for community transmission control. Adapted with permission from ref. [45]. Copyright 2021 Lancet.
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(d)

Fig. 3. Schematics of various face masks. (a) An elastomeric respirator, equipped with a replaceable cartridge or filter, which is designed to be reusable. (b) A particle filtering respirator,
commonly known as an N95 mask, which is designed to be disposable. (c) A surgical mask, also known as a medical, procedure, or dental mask, which is designed to be disposable. (d) A
cloth mask, or a cloth face covering, which is not standardized or regulated. Adapted with permission from ref. [46]. Copyright 2020 United States Food and Drug Administration (FDA).

eyes [47]. Research has shown that although face shields are able to
block the initial forward motion of respiratory droplets, small aerosols
can flow around the bottom and sides of the shield, thus becoming
suspended in air and spreading to a distance of at least three feet [48].
It was found that using face shields and masks together does not signif-
icantly enhance the protection offered by wearing masks alone [47].
Therefore, the CDC does not recommend using face shields or goggles
as a substitute for face masks [49].

Both N95 and surgical masks are commercially available, medical-
grade respiratory protective equipment (RPE) that are standardized
and strictly regulated. Many countries have their own standards and
naming conventions for masks and respirators. In general, the efficacy
of RPE depends on their particle filtration efficiency and their quality
of fit. Particle filtration efficiency (PFE) is a measure of how well the
mask or respirator is able to capture particles in a specific size range. It
is defined as the percentage of downstream particles over upstream
particles. The fit of RPE is determined by the amount of leakage around
the perimeter of the RPE.

N95 masks belong to the general category of disposable particle
filtering respirators whose purpose is to protect the wearer against

Table 1
Summary of three main mask categories.

particulate matter (PM) in the environment [50]. In Europe, non-
powered air-purifying respirators are commonly known as filtering
half masks or filtering facepieces (FFPs), which can be further catego-
rized based on their PFE into FFP1, FFP2, and FFP3, with 80%, 94%, and
99% PFE, respectively [51]. In the United States, the National Institute
for Occupational Safety and Health (NIOSH) uses the letters N, R, and
P to represent non-powered, air-purifying particulate respirators that
are nonresistant, somewhat resistant, and strongly resistant to oil aero-
sols, respectively [52,53]. The number associated with a specific respira-
tor is indicative of its efficiency level, with N95, R95, and P95 filters
indicating a minimum of 95% PFE. Similarly, 99-level respirators must
demonstrate at least 99% PFE, and 100-level respirators must demon-
strate no less than 99.97% PFE [52]. Due to the overwhelming popularity
of N95 respirators over those at other efficiency levels, we will use the
term “N95 mask” to represent the broader category of particulate respi-
rators. It should be noted that the N95 masks discussed in this review
exclude those with an exhalation valve. The exhalation valve acts as a
one-way check valve that allows exhaled airflow out, but restricts in-
haled airflow. Consequently, an infected individual can still spread the
virus via respiratory droplets that pass through the exhalation valve

Masks Characteristics Advantages

Disadvantages

Respirators « Protects wearer from aerosols/droplets
(e.g,N95  « Made of 4 layers, usually spun-bound poly-

Designed to be fitted and has a tight seal
High filtration efficiency (FE), e.g., N95 has 95% FE for particles + Not readily available

Expensive

masks) propylene (PP) and other materials larger than 300 nm * Designed for single use, although decon-
* Requires certification by NIOSH in the USor  + Contains electrets to electrostatically filter particles tamination and reuse techniques exist
similar organizations in other regions [75] » Recommended for healthcare workers performing aerosol gen-
erating procedures (AGP) with COVID-19 patients [101]
« May be oil resistant depending on model
» May be fluid resistant, e.g., surgical N95, but not for standard
N95
Surgical « Prevents aerosol/droplet spread from wearer ¢ Inexpensive * Not fitted, i.e., gaps between mask and
masks instead of protecting the wearer « May use electrets user
 Usually made up of 3 layers of melt-blown PP« Fluid and flame resistant [75] « Single use
« Cleared by FDA, but has a wide variety of « No significant differences in HIN1 infection rate for healthcare <+ Unsuitable for high-risk environments
masks [75] workers wearing N95 vs. surgical masks [82,84] and AGP [101]
Cloth « Made up of various fabrics (cotton, silk, nylon, « Inexpensive and easy to produce » Lack of standardization in design and
masks etc.) * Widely available for use by general public material use
« Not regulated by any body or agency « Can be washed and reused, although FE may decrease « Poor filtration efficiency
* May use electrets, depending on material used * Not fitted

Unsuitable for healthcare [101]
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Fig. 4. Effect of face masks on the propagation of respiratory droplets and aerosols. (a) Time-dependent path of an emulated cough jet, through a folded cotton handkerchief mask
constructed following the recommendation by the United States Surgeon General. (b) Time-dependent path of an emulated cough jet, through a homemade cloth mask stitched with
two-layers of cotton quilting fabric of 70 threads per inch. In comparison to Fig. 1, it can be seen that both face masks tested significantly impeded the propagation of respiratory droplets
and aerosols expelled from the emulated cough. The cloth mask (b) was able to limit the forward motion of the cough jet to within 3 in. from the mouth. Leakage of droplets and aerosols
from the cloth mask occurred mostly from the gap between the nose and the mask along the top edge, indicating the importance of mask fit. Adapted with permission from ref. [16]. Copy-

right 2020 American Institute of Physics.

when wearing these masks [54]. Therefore, the CDC has recommended
against the use of N95 masks with an exhalation valve for the purpose of
controlling COVID-19 spread [49].

Surgical masks, also known as medical, procedure, or dental masks,
serve to protect the wearer from large droplets, splashes, and sprays
of fluids by establishing a physical barrier between the wearer's respira-
tory system (mouth and nose) and the immediate environment. In ad-
dition, surgical masks protect others from the wearer's expelled
respiratory droplets by slowing down and dispersing the small droplets
produced by breathing, speaking, coughing and sneezing, thereby
preventing them from spreading over a large region [50]. Surgical
masks are standardized by the Food and Drug Administration (FDA) in
the United States, with categories 1, 2, and 3, based on their fluid resis-
tance efficiency, with level 1 providing the least fluid resistance. ASTM
International, formerly known as the American Society for Testing and
Materials, evaluates the performance of surgical masks based on PFE,
bacterial filtration efficiency (BFE), differential pressure (AP), resistance
to penetration by synthetic blood, and flammability [55]. In Europe, sur-
gical mask requirements and testing methods must comply with the EN
14683:2019 European Standard [51]. Table 2 summarizes the standard
tests required for evaluating the efficacy of face masks.

The fit of a face mask can be determined with the quantitative fit test
(QNFT) method, e.g., using the PortaCount Respirator Fit Tester (TSI,
Shoreview, MN, USA). The maximum fit factor score is set at 200,
while fit factors >100 are considered adequate protection and pass
the QNFT. Unlike N95s and other respirators, surgical and cloth masks
are not designed to be tight-fitting. Using the QNFT, it was found that
100% of surgical masks tested failed under normal breathing conditions
[56]. While an N95 respirator produced a fit factor of 100, surgical masks
had a fit factor in the range of only 2.5-9.6, depending on the brand of
the mask and individual face shape [56]. Up to 20-30% of droplets and
aerosols could leak out, mostly from the loose-fitting sides of the surgi-
cal masks [16]. Leakage could also pose a major issue to individuals
wearing N95s if the mask is not properly sealed [56]. It was found that

Table 2
Summary of standard tests for evaluating mask effectiveness.

Tests Details Organization/Regulation
Particle filtration < Uses charge-neutralized NaCl « NIOSH [75]
efficiency aerosols at a high, fixed flowrate
(PFE) [75]
» Masks/respirators preconditioned
24 h before testing [75]
« Evaluates filtration efficiency
 Highly conservative and stringent
test
Bacterial/Viral » Uses various bacteria/viruses « FDA
filtration suspended in aerosols [68]
efficiency « Evaluates filtration efficiency
(BFE/VFE)

Fluid resistance Uses synthetic blood squirted at
the mask at various pressures [75]
Mask is qualatively evaluated to

determine if blood has penetrated

* ASTM (test method
F1862)
« FDA (surgical masks)

Pressure « Determines the “breathbility” of a
differential mask
(AP) » Measures difference in pressure

up- and downstream of mask
High AP means the mask is diffi-
cult to breathe in

a few 3-mm holes on N95 masks led to a drastically decreased PFE, com-
parable to that of a surgical mask [57].

3.2. Filtration mechanisms

The vast majority of masks use the mechanism of filtration to func-
tion. It is important to note that a mask filter does not function as a sim-
ple strainer. Hence, the pore size of the mask alone does not determine
its PFE. In general, the filtration mechanisms of masks involve both me-
chanical and electrostatic filtration (Fig. 5a) [58,59].
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Fig. 5. Filtration mechanisms of masks. (a) The filtration mechanisms of masks generally involve mechanical (MF) and electrostatic filtrations (EF). Adapted with permission from ref. [60].
Copyright 2020 American Chemical Society. (b) Gravity sedimentation, whereby a large particle falls and adheres to a fiber cross-section. The grey particle (top) falls onto the filter and
adheres via van der Waals attraction, indicating successful filtration, shown in red. (c) Inertial impaction, whereby a large particle with large inertia travels linearly, eventually coming into
contact with a fiber. The grey particle (left) does not follow the streamline around the fiber and is unable to avoid it, adhering and becoming filtered. (d) Interception, whereby a small
particle is led to adhere to a fiber by motion along the streamline. (e) Diffusion, whereby Brownian motion of a small particle results in contact and adhesion to a fiber. (f) Electrostatic
attraction, whereby a charged particle is trapped on a fiber of opposite charge through electrostatic attraction. Particles shown in b-f were not drawn to scale. Adapted with permission

from ref. [59]. Copyright 2021 KeAi Communications Co.

Mechanical filtration utilizes non-charged fibers that trap particles
via gravitational sedimentation, inertial impaction, interception, and
Brownian diffusion [59-61]. For large particles in the size range of 1 to
10 pum, mechanical filtration in the form of gravitational sedimentation
(Fig. 5b) and inertial impaction (Fig. 5¢) is the most effective mecha-
nism in capturing particles. Larger particles have greater inertia, and
hence they move more linearly and are unable to flow around mask fi-
bers. Consequently, they become stuck to fibers and cannot pass
through the filter. On the other hand, smaller particles closely follow
streamlines and can avoid contact with fibers via impaction and sedi-
mentation. For small particles in the size range of 0.1 to 1 pum, intercep-
tion and Brownian motion are the most prevailing mechanical
mechanisms of filtration. Small particles up to 0.6 um move along
streamlines, leading them to be intercepted by filter fibers when they
move closely to the fibers (Fig. 5d) [59]. For even smaller particles, espe-
cially those <0.2 um, filtration is dominated by Brownian motion, as the
random movement of these particles leads to their contact with fibers
by diffusion (Fig. 5e). Once in contact, the particles adhere to the fiber
via van der Waals attraction and remain stuck [59,62,63].

Electrostatic filtration uses charged fibers, called electrets, which
have a quasi-permanent electric field to electrostatically attract and fil-
ter particles [64]. Charged particles, even those smaller than the pore
sizes of a filter, can be attracted by electrets with the opposite charge
(Fig. 5f). In theory, electrostatic attraction is independent of particle
size, as Coulomb's law is independent of mass. However, the momen-
tum of larger particles is greater, and hence the path of large particles
is mostly straight. In comparison, the path of smaller particles is much
less linear and predicable, and thus they have a higher tendency to be
captured by electrostatic attraction [56,60]. It should be noted that the
charges on fibers do not last forever, and if the filter is sufficiently loaded
with particles, its electrostatic forces will be reduced over time, eventu-
ally behaving as a regular mechanical filter [65,66].

The application of electrostatic forces can significantly improve fil-
tration efficiency of a fibrous filter, particularly for particles in the size
range of 0.15-0.5 um [67]. The addition of electrostatically charged fi-
bers helps improve filtration efficiency at a low fiber-packing density,
and therefore allows for reduced differential pressure and enhanced
breathability. The efficiency of electrostatic filtration depends on the
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chemical composition of the particles and fibers, the charge on the par-
ticles, and the surface charge density of the fibers. Another important
consideration is the accumulation of particles in the filter, also known
as the particle loading. The effect of particle loading is different for
solid particles and liquid droplets and aerosols [67]. Deposited liquid
droplets typically form a thin film on the fiber surface, whereas solid
particles have the tendency to take the shape of irregular chains in the
absence of electrostatic forces [67]. In general, the efficiency of an elec-
tret filter decreases with particle loading in the early stages of filtration.
However, different fiber materials exhibit complex time-dependent be-
havior [67]. Further study is required in this area to fully understand the
effects of particle loading on filtration efficiency.

Overall, the PFE of a mask is determined by multiple factors, includ-
ing those related to the mask itself, such as its pore size, fiber charge,
and fit, and those related to external conditions, such as the particle
size, shape, charge, and load, the airflow rate and flow conditions, the
relative humidity (RH), and environmental temperature [59,68].
Among all external conditions, it has been found that the airflow rate
has the most significant effect on the PFE of a mask. Interestingly, the ef-
fect of the airflow rate on the PFE can be opposite for large and small
particles since different filtration mechanisms are responsible for
those particles. For large particles, increasing the airflow rate would in-
crease the PFE as a result of the larger centrifugal and inertial forces,
which favor the capture of large particles by sedimentation and impac-
tion. For small particles, decreasing the airflow rate would increase the
PFE because there is more time for electrostatic attraction and Brownian
diffusion to capture the particles [59,69]. Hinds and Kraske found that
the effect of airflow rate on large particles (>1 um) was insignificant,
whereas the PFE for smaller particles was indeed reduced at higher
flowrates [70]. As such, for the vast majority of masks, including N95s,
the PFE appears to decrease at higher flow rates.

3.3. Mask testing methods
Most laboratory tests measure the PFE of face masks using a gener-

alized conceptual setup shown in Fig. 6 [60,71,72]. A mask or its fabric
sample is fixed in the cross-section of an airtight test tube with
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diameters ranging from 2.5 cm to 60 cm. Airflow is generated by
downstream suction and the flowrate is measured with a velocity
meter, such as the TSI thermal anemometer (model #AVM440). The air-
flow rate is controlled in the range of 1.2 CFM (~35 L/min) and 3.2 CFM
(~90 L/min), which mimics human respiration rates under light and
heavy workloads, respectively [65,73]. Aerosols are generated upstream
using an aerosol generator, e.g., TSI particle generator (model #8026),
which produces multidispersed NaCl aerosols with sizes ranging from
tens of nanometers to approximately 10 pm. Aerosol concentrations be-
fore and after passing through the mask or the fabric sample are mea-
sured with a particle counter, such as the TSI optical particle sizer
(model #3330), which counts particles between 0.3 and 10 pm in diam-
eter. Breathability is determined by measuring the pressure difference
(AP) across the mask or fabric sample using a differential pressure
meter, e.g., TSI digital manometer (model #AXD620). An ideal mask
should have a high PFE and a low AP.

Surgical masks are regulated in the United States by the FDA and
must undergo quality tests standardized by ASTM [68]. The ASTM PFE
test uses un-neutralized latex sphere aerosols, ~0.1 pum in size, at a
flowrate of 28.3 L/min and 30-50% RH [68]. The BFE test uses aerosol-
ized bacteria, normally Staphylococcus aureus, around 3.0 pm in size, at
a flowrate of 28.3 L/min [58,68]. The fluid resistance test uses synthetic
blood which is squirted on the mask at varying pressures. In addition,
there are flame resistance and differential pressure (AP) tests. A AP
>0.5 cmH,0 (49 Pa) is considered uncomfortable due to low breathabil-
ity [74]. The viral filtration efficiency (VFE) is sometimes tested, al-
though it is not required by the FDA nor is it standardized by ASTM.
This test usually follows the same protocol as the BFE test, typically
using the bacteriophage ¥X174 instead of S. aureus [58]. It has been
found that the VFE of a mask is usually very close to its BFE [68].

The NIOSH 42 CFR Part 84 outlines the test necessary for a respirator
to be approved as an N95. The test uses NaCl aerosols, about 0.3 um in
size, at an airflow rate of 85 L/min, corresponding to pulmonary ventila-
tion during heavy exercise. The aerosols must be charge-neutralized,
and the mask must be preconditioned at 38 °C and 85% RH for 24 h be-
fore the test. The NIOSH test is considered the strictest and most conser-
vative test for evaluating the PFE of a mask [68]. A mask with a PFE >95%
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Fig. 6. General design of an experimental setup for quantitatively determining the particle filtration efficiency (PFE) of a mask or fabric material. The mask is fixed in the cross-section of an
airtight test tube. Airflow is generated by downstream suction and the flowrate is measured with a velocity meter. Aerosols are generated upstream with an aerosol generator, and the
aerosol concentrations before and after passing through the mask or the fabric sample are measured using a particle counter. Breathability is determined by measuring the pressure
difference across the mask using a differential pressure meter. Modified with permission from ref. [72]. Copyright 2020 BM] Publishing Group Ltd.
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determined by the FDA's criteria may have an efficiency of <70% under
the NIOSH N95 criteria. A surgical N95 mask must pass both the FDA and
NIOSH requirements.

In addition to these standard methods, several low-cost testing
methods have been developed for laboratory and even household
tests. For example, Fischer et al. have developed a $200 setup capable
of qualitatively evaluating mask efficiency during speech [75]. When
an individual wearing a mask spoke inside a dark box, the propagated
droplets were visualized using a laser and recorded using a cell phone
camera. Neupane et al. have developed an optical microscopy setup,
using a $20 sapphire ball lens, a smartphone camera, a machine shop
aluminum plate, and a white LED [76,77]. This device was capable of
rapidly screening face mask fabrics to determine the pore size of cloth
masks, where a smaller pore size implied a higher PFE. Thus, it is implic-
itly assumed that the masks tested do not use electrostatic filtration .

3.4. Material and structure of N95 and surgical masks

The filters of N95 and surgical masks are mostly made of non-woven
fibrous materials. The process of manufacturing non-woven fabrics is rel-
atively easy and inexpensive, making it especially useful for mass-
production of disposable masks. Due to their high electrical resistance
and stability, polymeric materials such as polypropylene (PP) and polyac-
rylonitrile are most commonly used in masks [56]. These filter materials
are capable of capturing relatively large particles (> 0.3 um) by sedimen-
tation and impaction, and relatively small particles (< 0.2 um) by
diffusion and electrostatic attraction [56]. The process of manufacturing
non-woven micro- and nanofibers usually involves one of two tech-
niques, meltblowing and spunbonding, in which extremely fine molten
polymeric fibers are mechanically, chemically, or thermally joined to-
gether, creating a fine mesh of web-like fabric that is irregular in pore
size and distribution, unlike traditional woven materials [58].

In terms of their structures, both N95 and surgical masks are com-
posed of multilayers of non-woven fibrous materials. Surgical masks
generally consist of three layers, and N95 masks have one additional
middle layer to provide extra support and fit. The outer layer facing
the air is typically made of hydrophobic, spunbonded, non-woven PP
that repels moisture and prevents aqueous droplets from penetrating
and damaging the filter. In general, this spunbonded PP layer has a
fiber diameter of 20 um and a pore size of up to 100 pum (Fig. 7c) [78].
The spunbonded PP features a weak electric charge, with a dipole
charge density less than 0.5 uC/m? [79]. Consequently, this layer has a
rather poor PFE of only 6-10% [78,79]. The innermost layer is designed
to absorb moisture released during exhalation and keep the mask dry,
with the aim of blocking pathogen growth. The middle layer is typically
made of meltblown non-woven fabric, which is the primary layer re-
sponsible for particle filtration. The meltblown PP used in N95 and sur-
gical masks do not differ significantly in terms of their pore sizes, basis
weights, and bulk densities [78]. In general, the meltblown PP used in
N95 and surgical masks have a similar fiber diameter in the range of
1-10 pum, and a pore size of around 20 um (Fig. 7a and b) [78]. However,
the meltblown PP used in N95 masks usually has a much greater charge
than that used in surgical masks, with a dipole charge density of around
17.3-27.2 uC/m? [79]. Consequently, the PFE of meltblown PP used in
N95 masks is generally greater than 95%, while the PFE of meltblown
PP used in surgical masks usually ranges from 19 to 33% [78].

3.5. Efficacy and design of cloth masks

Cloth masks, unlike N95 and surgical masks, are not standardized
nor regulated by any government agency. As such, the design of cloth
masks is very diverse, varying in the material, threads per inch (TPI),
propensity for electrostatic charge, etc. Comparing the efficacy of differ-
ent cloth masks is not a trivial task because of vast variations in their
fabric, thread count, number of layers, fit, and design. In general, the
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PFE of cloth masks is expected to be less than that of N95 and surgical
masks (Fig. 8a) [63].

Using modified NIOSH N95 tests, it was found that, in general, mate-
rials with a higher thread count, i.e., smaller pore size, result in higher
filtration efficiencies [64]. For example, Konda et al. found that the
mean PFE of 600 TPI and 80 TPI cotton was 98% and 14%, respectively,
for particles larger than 300 nm, and 79% and 9%, respectively, for parti-
cles smaller than 300 nm (Fig. 8b) [60]. Likewise, Zhao et al. measured
the PFE of cotton from a sweater, t-shirt, and pillow cover, listed in de-
scending order of their basis weights (g/m?) [78]. Their corresponding
PFEs were found to be 26%, 22%, and 5%, respectively. The correlation be-
tween the PFE and thread counts of the cloth masks may be explained
by pore size, as the pore size of the pillow cover is much larger than
that of the sweater (Fig. 7d and f). Nevertheless, it should be noted
that a higher thread count also results in a greater AP, i.e., the fabric is
less breathable. For example, the AP of 600 TPI cotton is 2.5 Pa, whereas
for 80 TPI cotton it is 2.2 Pa [60]. The AP of cotton from the sweater,
t-shirt, and pillow cover is 14.5, 17.0, and 4.5 Pa, respectively [78].

Among common materials, the most effective fabric is cotton, while
silk performs the worst. Using the NIOSH N95 tests, Konda et al. found
the mean PFE of 600 TPI cotton, chiffon, natural silk, and flannel to be
98%, 73%, 56%, and 44%, respectively, for particles larger than 300 nm,
and 79%, 67%, 54%, and 57%, respectively, for particles smaller than
300 nm (Fig. 8c) [60]. Similarly, Zhao et al. found the mean PFE of
t-shirt cotton, nylon, polyester, and silk to be 22%, 23%, 18%, and 5%, re-
spectively [78]. A BFE test with B. atrophaeus and a VFE test with the bac-
teriophage MS2 also showed similar results. For cotton, linen, and silk,
the measured BFEs were 69%, 60%, and 58%, respectively, and the VFEs
were 51%, 62%, and 54%, respectively [58]. It should be noted that
even for cloth masks made of the same material, the individual PFE of
the masks can be very different. This is because fabrics made of the
same material, such as cotton, may have vastly different structures,
weave patterns, and pore sizes (Fig. 7d-f).

The filtration efficiency of a cloth mask is also significantly affected
by its number of fabric layers. Bahl et al. showed that a double-layer
cloth mask made of t-shirt material was able to significantly reduce
the spread of droplets generated by a cough and sneeze, in comparison
to its single-layer counterpart [80]. Research shows that the PFE of cloth
masks can be significantly improved by using multiple layers of the
same or different materials (Fig. 8c). Taking advantage of the mechani-
cal integrity of fabrics such as cotton, and the electrostatic attraction of
fabrics such as silk, it was found that the PFEs of cloth masks made of
cotton/silk, cotton/chiffon, and cotton/flannel were all higher than 90%
[58]. However, these masks also had the greatest AP, at 3.0 Pa, in com-
parison to 2.5-2.7 Pa for these materials in single layers [60]. Another
way to design multilayered cloth masks is to use both hydrophobic
and hydrophilic layers, with the former acting to prevent water and
aerosol buildup on the mask, and the latter aiding in attracting and ad-
hering droplets to the filter [78,81]. Based on available evidence, the
CDC recommends that the general public wear cloth masks with two
or more layers to limit the spread of COVID-19 [49].

3.6. Comparison of N95, surgical, and cloth masks

The WHO and the Public Health Agency of Canada recommend that
healthcare workers use surgical masks in the presence of COVID-19 pa-
tients, and N95 masks when performing aerosol generating procedures
(AGP), such as tracheal intubation, tracheotomy, and bronchoscopy,
among others [82,83]. The CDC and the European Centre for Disease
Prevention and Control (ECDC) recommend the use of N95 masks for
healthcare workers performing non-AGP as well [82]. Many studies
have shown that surgical masks are just as effective as N95 masks in re-
gard to protection from viral pathogens, concluding that the usage of
N95 masks did not result in a significantly lower risk of respiratory in-
fection compared to surgical masks [50,58,82,84-86]. A randomized
controlled trial of 2862 healthcare personnel reported no significant
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Fig. 7. Scanning electron microscopy (SEM) images of various mask filter materials. (a) Meltblown (non-woven) polypropylene (PP) from a N95 mask. (b) Meltblown (non-woven) PP
from a surgical mask. (c) Spunbonded (non-woven) PP. (d) Cotton (woven) from a pillow cover. (e) Cotton (knit) from a t-shirt. (f) Cotton (knit) from a sweater. (g) Polyester (knit) from
a toddler wrap. (h) Silk (woven) from a napkin. (i) Nylon (woven) from exercise pants. Adapted with permission from ref. [78]. Copyright 2020 American Chemical Society.

differences in laboratory-confirmed influenza infection among users
wearing N95 or surgical masks, with incidence rates of 8.2% and 7.2%, re-
spectively [30]. Likewise, Smith et al. and Long et al. found no significant
differences in laboratory-confirmed illnesses in healthcare workers and
users who wore N95 vs. surgical masks [84,86]. Offeddu et al. also found
no significant differences for SARS and influenza (HIN1) infections, al-
though wearing an N95 or surgical mask reduced the risk of SARS trans-
mission by approximately 80%, compared to not wearing a mask [87].
Thus, we conclude that there is a lack of substantial evidence from
meta-analyses to support the claim that N95 masks are significantly su-
perior to surgical masks in protecting healthcare workers caring for
COVID-19 patients during non-AGP [82,84].

Laboratory testing, however, is fairly conclusive and consistent in es-
tablishing the superior performance of N95 over surgical masks in terms
of their different PFEs (Fig. 8a). Using a VFE test with bacteriophage
MS2, Balazy et al. demonstrated that N95 masks routinely outperformed
surgical masks [65]. When being evaluated with the NIOSH Nacl test,
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Rengasamy et al. found that the lowest PFE for selected N95s was
98.15%, whereas the surgical masks had a mean PFE ranging from
54.72% to 88.40% [68]. Another NIOSH NaCl test found that the PFEs of
different surgical masks were remarkably inconsistent, varying from
1.58% to 88.1%, while the PFEs of all N95 masks tested were consistently
higher than 99.14% [57]. It should be noted that the PFE of a mask also
depends on the size of particles used in the test. It was found that the
most penetrating particle size (MPPS) ranges from 30 to 100 nm for
N95s [65,88,89], and 200 to 500 nm for surgical masks [90]. Therefore,
one should consider the PFE data reported in literature with caution,
given the many different experimental conditions used by researchers
and vast product-to-product variations, even for masks in the same cat-
egory, as demonstrated by the surgical masks.

The difference in PFE between N95 and surgical masks becomes
much less pronounced if there is a lack of a proper seal/fit and leakage
occurs. At the airflow rate of 8 L/min, intact N95 and surgical masks
had very different total inward leakage (TIL) of 0.31% and 3.58%,
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Fig. 8. Comparison of the PFE of N95, surgical masks, and several cloth mask materials. (a) The PFEs of an N95 mask (black), the N95 base fabric (orange), a surgical mask (pink), and a
cotton/polyester (65%/35%) twill blend (blue), as a function of the particle mobility diameter (Dy,). This comparison suggests that the PFE ranks in the order of N95 mask > N95 base
fabric > > Surgical mask > Cloth mask. It also shows that the most penetrating particle size (MPPS) of the surgical mask and cloth mask is in the range of 200-300 nm. Adapted with
permission from ref. [63]. Copyright 2020 American Chemical Society. (b) The PFEs of cotton fabrics with different thread counts, including a cotton quilt consisting of two 120 TPI cotton
sheets enclosing a ~ 0.5 cm thick cotton batting (red), 600 TPI cotton (blue), and 80 TPI quilted cotton (green). (c) The PFEs of different fabric materials, including one layer of natural silk
(red), four layers of natural silk (green), one layer of flannel (cotton/polyester, blue), and one layer of chiffon (polyester/Spandex, purple). Adapted with permission from ref. [60]. Copy-

right 2020 American Chemical Society.

respectively [57]. The TIL refers to all aerosols that pass through the
mask, including those from leaks due to poor fit. Nevertheless, after in-
troducing six 3-mm holes on both masks, the differences in TIL between
the N95 and surgical masks became statistically insignificant (38.72 vs.
35.67%) [57]. This leaking effect may explain why there seemed to be
no significant differences between N95 and surgical masks in healthcare
workers, as strict compliance with PPE all the time is very unlikely [87].

As for the comparison to cloth masks, although there have been
studies that showed their usefulness in preventing the spread of
COVID-19 for the public [56,91], it is important to bear in mind that
cloth masks should not be used as a replacement for surgical masks or
N95 masks and are not recommended for healthcare workers [58].
The PFEs of cloth masks are generally much lower than those of N95s
(Fig. 8a). A cluster randomized trial of 1607 healthcare workers found
that the attack rate of viruses was much higher with cloth masks than
with surgical masks [92]. Furthermore, the attack rate of influenza-like
viruses is significantly higher with cloth masks. The risk of being in-
fected by influenza is 12 times greater when wearing cloth masks com-
pared to surgical masks [92]. In addition, as shown in Fig. 8b and c, the
PFE of cloth masks varies significantly with respect to their materials,
thread counts, and layers. Hence, the filtration efficiency of cloth
masks reported from literature may not be directly comparable.

4. Decontamination and reuse of masks

Since the start of the COVID-19 pandemic, there has been a notice-
able global shortage of PPE [93]. A survey conducted by the National
Nurses United (NNU) reported that 87% of nurses nationwide had to
reuse disposable masks, and 27% of them had to provide care to
COVID-19 patients without proper PPE between April 15 and May 10,
2020. This PPE shortage is mainly due to four factors: hospital budgets,
demand shock, government failures, and fragile supply chain. Firstly,
PPE in hospital was usually operated on a cost-passing model, meaning
it is billed to the patient/insurer. As a result, there was no incentive to
stockpile PPE, which has a limited lifespan [94]. Secondly, the sudden
increase in demand for PPE due to the wide spread of COVID-19 led to
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a rapid and sharp decrease in PPE inventories. Many non-medical
users, including public consumers, bought up a significant portion of
available PPE, which reduced the already-limited inventory available
for use by healthcare workers. Furthermore, many governments were
slow to implement policies to raise PPE production and also provided
poor guidance to private sector PPE distributors [94]. The uncertain sup-
ply chain has also impacted the shortage. For example, the United States
has historically relied heavily on other countries to supply PPE, espe-
cially China, the world's leading exporter of PPE [94,95]. In 2018 and
2019, the US imported 31.7 and 33.8% of its supply of face masks from
other countries, respectively [94]. The US-China trade war and PPE ex-
port restrictions from many countries have further exacerbated the
shortages [96,97]. This shortage has also led to a drastic increase in the
prices of existing PPE. In March, the WHO noted that the prices of N95
and surgical masks had increased by twofold and sixfold, respectively
[96]. While the situation has improved recently, there are still PPE short-
ages worldwide. To address this, China has ramped production of surgi-
cal masks from 20 million per day to >110 million per day [96,97].
However, PPE shortages remain a serious problem amid this pandemic,
especially in less wealthy countries.

The global shortage of PPE necessitates the development of methods
to decontaminate and reuse N95 and/or surgical masks, even though
they are not designed to be reused [58,98]. These methods need to
meet a few requirements. Firstly, they must be able to successfully de-
contaminate the mask, inactivating all pathogens. This is routinely
tested using an inoculating pathogen, such as HIN1, by detecting its
presence pre- and post-treatment of the mask. Secondly, the decontam-
ination method must not deteriorate the mask in such a way that its in-
tegrity, quantified by the QNFT and NIOSH Nacl test, is significantly
compromised. Microscopy is useful for determining any fiber or struc-
tural variations after decontamination. Thirdly, there must not be any
chemical residue or by-products left on the mask that may have an ad-
verse health effect on the user. In addition, the cost and availability of
the necessary resources and equipment, the ease and safety of the treat-
ment, and the scalability of the method should all be taken into
consideration.
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Here we summarize a few methods for mask decontamination, in-
cluding ultraviolet germicidal irradiation (UVGI), dry and moist heat,
vaporized hydrogen peroxide (VHP), ethylene oxide (EtO), ethanol
treatment, and emerging nano-enabled, self-cleaning, and reusable
masks. The main characteristics of the most commonly used decontam-
ination methods, including UVGI, dry and moist heat treatments, and
VHP, are summarized in Table 3. It should be noted that these decon-
tamination methods are mostly developed for reusing N95 masks,
with different regulations in different countries [99]. Cloth masks, on
the other hand, are not strictly regulated. MacIntyre et al. showed that
dirty cloth masks used by healthcare workers can be a source of con-
tamination [100]. The CDC recommends washing cloth masks whenever
they get dirty, or at least daily, using regular laundry detergent or soap
[49]. After repeated wash-dry cycles, cloth masks should be disposed of,
since their PFE decreases due to surface stretching, which enlarges pore
sizes [76,77].

4.1. Ultraviolet germicidal irradiation

Ultraviolet germicidal irradiation (UVGI) uses high-energy ultravio-
let electromagnetic waves to inactivate viruses and microbes on a mask.
The UV spectrum consists of four wavelength fragments, one of which,
UVC, in the wavelength range of 200 to 280 nm, covers the most readily
absorbed wavelengths by nucleic acids (i.e., 260 nm) and proteins (i.e.,
280 nm) [101,102]. During the UV treatment, photons are absorbed by
viral or microbial nucleic acids, thus damaging DNA/RNA and
preventing replication [101,103,104]. UVGI also damages the protein
capsid, albeit to a lesser extent [101]. UVGI is particularly effective
against small microbes or viruses [103]. The larger the pathogen, the
less effective UVGI is against it. The process of UVGI is very fast, taking
only 60-70 s to effectively inactivate coronaviruses [103]. Its
effectiveness is largely dependent on the intensity of radiation, mea-
sured in J/cm?, and the length of exposure.

The highest estimated contamination level or pathogen load on a
mask would require a 3-Log reduction, corresponding to 99.9% reduc-
tion, in order to be considered fully disinfected [105]. Torres et al. dem-
onstrated that a UVGI dose of 1 ]/cm2 delivered over 60-70 s resulted in

Table 3
Summary of mask decontamination methods.
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a 3-Log reduction on the fifty-percent tissue culture infectious dose
(TCIDsg) of inoculated HIN1 on an N95 mask [103]. At low UV doses
(<10 J/cm?), the PFE, AP, and physical appearance of the mask were
largely unaffected [106-109]. The PFE remained >99% for both the 3
M ™ 1860s and 1870s N95 masks while achieving a 4-Log reduction
(>99.99%) on the TCIDso of HIN1 [106,110].

Nevertheless, excess exposure to UV, whether it is the intensity, du-
ration, or the number of cycles, can greatly deteriorate masks [106,111].
Lindsley et al. tested various N95 masks with UV doses from 120 to 950
J/ cm?, on one side at 27 °C and 25% RH [104]. Using the NIOSH NaCl test
at a flowrate of 5 L/min, the PFE was found to be significantly reduced by
UVGI treatment. The elastic straps of the N95 masks were found to be
the most vulnerable to UV degradation, with their mean breaking
strength decreased by 10-21% at 590 J/cm? [104].

It should be noted that N95 masks include a variety of types that dif-
fer in shape (e.g., cup, flat-fold, or pouch) and design features (e.g.,
pleats, ridges, and flaps) [105,106]. The latter may create shadows and
areas of the mask where the UVGI is limited or unable to reach, thus
causing non-homogeneous disinfection [106]. Another disadvantage of
UVGI is that it is not readily available on a widespread scale. Most
UVGI systems use low-pressure mercury lamps, which carry the risk
of mercury pollution, and have led to a 2013 UN proposal to ban their
use [103]. In addition, these lamps produce ozone which has toxic ef-
fects [103]. Alternatively, UVC-LED sources can be used instead [112].
However, UVC-LED has lower irradiance levels and thus more irradia-
tion must be used, which can greatly increase cost [103].

4.2. Heat treatment

Heat treatment, including dry heat and moist heat, decontaminates a
mask by irreversible coagulation and denaturation of microbial or viral
proteins, usually at a temperature above 70 °C [106,113] .It has been
predicted that exposure to 70 °C for only 3 min can inactivate SARS-
CoV-2 by a 3-Log (99.9%) reduction [114]. Because the PP fibers used
in N95 and surgical masks have a thermal degradation point of 130 °C,
heat treatments should not exceed this temperature [115]. In practice,

Decontamination Equipment needed Effect on viral and

Impact on particle

Impact on physical properties of ~Safety risk and other

method bacterial inactivation filtration efficiency masks considerations
(PFE)

Ultraviolet « UVCsource (e.g,, mercury lamp) * >3-Log reduction of » No effect at 176-181  « Loss of N95 strength at 120 « UV light may be blocked or
germicidal H1INT at 1J/cm? for mJ/cm? for 15 min'"%’!  J/cm? [104] unevenly distributed due
irradiation 60-70s [106] « Slight decrease in PFE < Damage of polymer and to creases in masks
(UVGI) » More resistance for (~1%) at high dose of straps [103]

larger organisms [103] 120 J/cm? [104]
Dry heat « Oven (lab-grade, kitchen, etc.)  * SARS-CoV-2 is * N95 PFE >98% at « Metal bands are deformed at  * Excess heat (> 80 °C)
treatment inactivated at 70 °C for 70 °C for 90 min [116] 80 °C leads to mask damage
60 min [115] « Microwave oven led to N95 [106]
melting [106]
* Reduced AP [115]
Moist heat « Oven (lab-grade) * >6 times decrease in * N95 PFE >95% at * No effect on fit or other phys- * Moisture leads to de--
treatment « Kitchen steamer SARS-CoV-2 at 70 °C 70 °C and and 50% RH ical properties at 70 °C and charging of mask electrets
« Microwave generated steam treatment for 5 min for 60 min [115] 50% RH for 60 min [115] [149]

(MGS) * >5-Log reduction in « No visible changes after 5
MS2 and S. aureus for cycles of 5 min steam
steamer * Areas around N95 metallic

* 5-Log reduction of noseband melt with MGS

H1N1 for MGS at [107]
1250 W for 2 min [103]

Vaporized « FDA-approved decontamination < >5-Log reduction in * N95 PFE >95% at 8% « Metallic nosebands are « CCDS is expensive [101]
hydrogen « Commercially available as the SARS-CoV-2 RNA on H,0, [123,124] tarnished [107] » H,0, may be deactivated

Battelle Critical Care Decontam-
ination System (CCDS)™

peroxide (VHP) tested N95 masks [151]

red

PFE of surgical masks

* No effect on AP by organic debris (e.g.,

uces significantly dirt) [103]

[124]
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mask decontamination with heat treatments is usually operated in the
temperature range between 70 and 80 °C.

Being a simple and easily scalable method, dry heat treatment uses
high-temperature dry air to decontaminate a mask [115,116]. It does
not require any specialized equipment other than common laboratory
ovens, or even household rice cookers [106,115,117]. Microwave
ovens are not recommended because microwave irradiation may lead
to fiber melting [107]. Autoclaves are also discouraged as their high op-
eration temperature and pressure lead to mask deterioration.
Grinshpun et al. found severe damage to the nose clip seal and loss of
strap elasticity of N95s, enough to render the masks unusable, after an
autoclave treatment at 120 °C and 15 psi for 30 min [98]. One study
showed that a 5-min exposure to a 70 °C environment led to a sixfold
reduction in TCIDso of SARS-CoV-2 [118]. Another study showed that a
60-min exposure in a 70 °C cabinet successfully reduced SARS-CoV-2
on N95 masks to an undetectable level [115,119]. The mean fiber diam-
eter of the mask only changed slightly from 3.88 um to 4.21 um after 10
cycles of dry heat treatment [115]. All heat-treated masks passed the
QNFT and had a PFE >95% [115]. The BFE also exceeded 99.9% after 70
°C dry heat treatment in a laboratory incubator for 5-90 min, after 3
treatments [116]. However, higher temperatures cause a greater risk
of material damage. A laboratory oven at 80 °C showed minor warping,
shrinkage, and edge cracking on N95 masks, whereas lower tempera-
tures did not [120].

The moist heat treatment uses heated high-pressure steam to de-
contaminate masks [106]. It is suggested that an RH of 50-85% is the
most effective in inactivating microbes [118]. Microwave-generated
steam took only 2 min to produce viral inactivation [103]. It was
shown that moist heat treatment at 70 °C and 50% RH for 60 min suc-
cessfully inactivated SARS-CoV-2 on N95 masks [115]. In another
study, moist heat treatment via a common household rice cooker for
8-10 min, followed by 5 min of steaming, led to a 5-Log reduction in
MS2 and S. aureus on N95 masks [121]. In comparison, dry heat treat-
ment in an oven at 100 °C for 15 min only led to a 3-Log reduction for
the same microbes [121]. The mean fiber diameter increased from
3.88 um to 3.92 pm after 10 cycles of moist heat treatment at 50% RH,
having less of an effect on the fiber diameter than dry heat treatment.
It was also found that the moist heat treatment had little effect on the
PFE, BFE, QNFT, and AP [106,115].

4.3. Vaporized hydrogen peroxide sterilization

Vaporized hydrogen peroxide (VHP) sterilization is the only method
currently approved by the FDA for mask decontamination and is com-
mercially available as the Battelle Critical Care Decontamination System
(CCDS)™ [122]. Hydrogen peroxide is an oxidizing agent, producing re-
active hydroxyl radicals that attack nucleic acids and proteins in order to
inactivate viruses|123,124]. The vaporized form of hydrogen peroxide is
more effective due to its ability to penetrate, spread out, and cover large
surface areas, thus allowing for uniform contact with the mask [103]. In
addition, VHP decomposes into oxygen and water vapor over time, leav-
ing no hazardous chemical residues on the decontaminated mask [107].

Saini etal. used 11-12% VHP stabilized with silver nitrate to treat N95
masks contaminated with B. stearothermophilus spores at 23-38 °C
[123]. B. stearothermophilus was used as it survived in all conditions
known to inactivate SARS-CoV-2. After the VHP treatment, there was
no revival of any spores and the mask was successfully disinfected for
all temperatures tested. There were also no significant changes in the
droplet permeability, physical appearance, and ultrastructure of the
masks post-VHP treatment, even after 15 decontamination cycles
[123]. Another study confirmed that a 55-min VHP treatment did not
significantly change the PFE, AP, fit, and physical appearance of N95
masks [107]. Similar conclusions were drawn by Steinberg et al., based
on a systemic literatue review [118].

Nevertheless, VHP treatment has a number of limitations. Firstly, it is
a fairly expensive technology that requires specialized devices [125].
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Secondly, it was found that the VHP treatment may tarnish the metal
nose bands of N95 masks [107] and cause degradation of the elastic
bands of the masks, especially after repeated treatment cycles
[58,103]. Thirdly, prior to VHP treatment, the clearance of dirt and
other impurities from the masks is necessary, since hydrogen peroxide
can be deactivated by organic debris [103]. For the same reason, VHP
treatment cannot be applied to masks and respirators that contain
cellulose-based materials or exhalation valves [115]. In addition,
masks and respirators after VHP treatment cannot be used immediately
due to the presence of hydrogen peroxide residues on the inner surface.
It was found that the level of hydrogen peroxide decreased to 0.6 ppm,
i.e., below the safety limit of 1 ppm, 2 h after the treatment, and became
undetectable after 3 h [111].

4.4, Ethylene oxide treatment

Ethylene oxide (EtO) gas has long been used in the healthcare indus-
try as a disinfectant for medical devices. This disinfection process is
fairly similar to that of VHP. Viscusi et al. implemented a decontamina-
tion process for masks using 100% EtO gas for 1 h, followed by 4-h aer-
ation at 55 °C[107]. It showed no effect on the PFE, AP, or appearance of
the masks [107]. Other experiments also found similar results, with the
PFE >95% [106,125]. However, there is a general concern about this
method, as EtO is a known carcinogen and mutagen that can cause se-
vere adverse health effects [106]. Residual EtO was generally not
found to be a risk, as it was either undetected on the masks or found
in a small amount (500 ppb), which is only half the permissible expo-
sure limit set by AccuStandard [107,125]. However, Salter et al. found
a trace amount of 2-hydroxyethyl acetate, a possible carcinogen and
likely a byproduct of EtO treatment, presented on masks post-
treatment [125]. The potential hazard of EtO treatment necessitates fur-
ther research before it can be adopted as a general method for mask
decontamination.

4.5. Ethanol treatment

Ethanol is a widely used disinfectant for viral and bacterial patho-
gens. In particular, ethanol has been found to reduce coronavirus infec-
tivity by approximately 4-Log or greater [123]. However, masks
disinfected by soaking in 70% ethanol for 2 h, although having a negligi-
ble effect on AP, showed a marked decrease in the PFE [98]. It was found
that the PFE of N95 masks dropped to <90% at a flowrate of 30 L/min,
and < 70% at a flowrate of 85 L/min, respectively, for the MPPS using
the NIOSH NaCl test [98]. Many other studies also found a decrease in
PFE after ethanol treatment [106]. Ethanol treatment also appeared to
affect the filter efficiency distribution across particle sizes, with the
MPPS shifting from 0.2-0.3 um to 0.5 pm pre- and post-treatment
[98]. The significant reduction in the PFE of masks is most likely due to
the fact that ethanol compromises electrostatic filtration by removing
electric charges from the fibers [126-128]. It was shown that
isopropanol treatment reduced the dipole charge density of N95
masks from 17.28-27.29 uC/m? to near-zero [79]. A similar effect on
the masks by ethanol treatment is not unexpected. In addition, the hy-
drophobic layer of surgical masks could be damaged by concentrated al-
cohol [120], although ethanol treatment has no visible effects on the
masks [98].

4.6. Nano-enabled reusable masks

Nanotechnology has opened new horizons for developing novel re-
usable, self-cleaning, antimicrobial, and antiviral masks [129-132]. To
date, the application of nanotechnology in face masks is mostly centered
around the use of antimicrobial/antiviral nanoparticles, nanofibers and
nanoparticle coatings to entail superhydrophobicity, and the synergistic
effects of water repelling and other self-cleaning functionalities such as
nanoparticle-induced photothermal and photocatalytic sterilization.
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Certain metal nanoparticles, such as silver and copper, can induce
potent antimicrobial and antiviral effects by releasing free ions that gen-
erate reactive oxygen species, which are capable of damaging DNA,
RNA, and proteins [133,134]. Nano-enabled masks with these metal
nanoparticles may effectively inactivate SARS-CoV-2 by damaging
viral proteins and lipids, most notably the envelope proteins of the
virus [130]. By integrating copper oxide nanoparticles into N95 masks
(Fig. 9a), Borkow et al. found that these nano-enabled masks were
able to inactivate the human influenza A virus (H1N1) and the avian in-
fluenza virus (HON2) to less than 0.88- and 0.97-Log TCIDsq respec-
tively, after 30 min [135]. Meanwhile, these nano-enabled masks
successfully passed all NIOSH N95 test standards. Similarly, Joe et al.
showed that nano-silver could be loaded onto various textiles and
mask filters to inactivate aerosolized bacteriophage MS2 [136]. Al-
though further research is still needed to determine the effectiveness
of these nano-enabled masks on SARS-CoV-2, the use of antimicrobial
and antiviral nanoparticles appears to hold great promise in developing
reusable masks [137].
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Another direction taken in the development of nano-enabled masks
is to utilize the fine pore sizes generated by nanofibers. El-Atab et al.
have developed a reusable nanoporous membrane fabricated with a
silicon-based template that is then transferred onto an ultrathin and hy-
drophobic polymeric film [138]. When attached to an N95 mask, this
nanoporous membrane, with a pore size as small as 5 nm, is capable
of effectively filtering most particles and pathogens, while having no
significant impact on breathability [138]. It was found that electrospun,
polymer-based nanofibers, such as polyvinylidene difluoride, offered a
number of advantages over the meltblown filters used in N95 masks
[139]. These advantages include uncompromised filtration efficiency,
higher resistance to ethanol treatment, and sustained hydrophobicity
against moisture, thus preventing bacterial growth inside the mask
and allowing for multiple reuse cycles. Recently Leung and Sun have de-
veloped a charged polyvinylidene fluoride nanofiber mat using corona
discharge, which can retain its electrostatic charges for up to three
months with only a 1% reduction in filtration efficiency, constituting a
promising breakthrough in mask technology [140]. Compared to
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Fig. 9. Nano-enabled self-cleaning, antimicrobial, antiviral, and reusable masks. (a) N95 mask impregnated with copper oxide nanoparticles. This mask consists of four layers (a1). The two
external spunbond polypropylene layers contain 2.2% copper oxide nanoparticles, and one internal meltblown polypropylene (PP) layer contains 2% copper oxide nanoparticles. Scanning
electron microscopy (SEM) micrographs show the ultrastructures of nanoparticle-containing exterior and interior layers (a2), along with X-ray photoelectron spectroscopy (XPS) analysis
(a3). Adapted with permission from ref. [135]. Copyright 2010 PLoS ONE. (b) Laser-induced graphene surgical mask. (b1) Illustration of laser-induced forward transfer (LIFT) for roll-to-
roll production of graphene-coated masks. (b2) SEM images of the graphene-coated nonwoven fiber. (b3) Illustration of the self-cleaning capacity of the mask, with the demonstrated high
water contact angle on the mask. (b4) Photothermal sterilization of the mask. Surface temperature, measured with an infrared camera, increased to an average of 91.61 °C after exposure to
sunlight for 5 min. Adapted with permission from ref. [141]. Copyright 2020 American Chemical Society. (c) Photoactive antiviral mask (PAM). (c1) Illustration of the self-cleaning and the
antiviral mechanisms of the mask through photothermal and photocatalytic effects in response to solar irradiation. (c2) SEM images of hybrid shellac-copper nanoparticles coated on non-
woven polypropylene fibers of a surgical mask. (c3) Confocal microscopy images that showed inactivation (represented by red color) of E. coli after 5 min exposure to solar irradiation. (c4)
Disruption of virus-like particles by the PAM. Adapted with permission from ref. [143]. Copyright 2020 American Chemical Society.
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Fig. 10. Comparison of the performance and the impact of four decontamination methods, i.e., 70% ethanol, 70 °C dry heat, UVGI (UVC), and vaporized hydrogen peroxide (VHP), on N95
masks, after each decontamination round and two hours of wear, for three consecutive decontamination and wear sessions. (a) The inactivation rate of SARS-CoV-2 on N95 filter fabric,
quantified with the TCIDsq, in comparison to the TCIDsg of stainless steel. Both VHP and ethanol yielded extremely rapid inactivation on N95 masks, in comparison to UV and heat
treatments. (b) Fit factors of N95 masks, quantified with QNFT, after each decontamination round. After the third decontamination round, only VHP- and UV-treated masks maintained
an acceptable level of performance. (c) The overall performance of decontamination methods against SARS-CoV-2, after 1, 2, and 3 decontamination rounds, was determined by the
virus kill rate, post-treatment mask integrity, and the fit factor. The ethanol treatment is shown in green, heat in orange, UV in purple, VHP in blue, and non-treatment control in grey.
VHP treatment displayed the best combination of rapid inactivation of SARS-CoV-2 and preservation of N95 respirator integrity after all three decontamination cycles. Adapted with
permission from ref. [152]. Copyright 2021 United States Centers for Disease Control and Prevention (CDC).

current microfiber technology typically used in the filtration media of
face masks, multimode electrostatically charged nanofiber filters have
shown a superior filtration efficiency [140]. Current issues with this
technology involve a balance between the nanofiber diameter and the
resultant pressure drop. While the use of smaller diameter nanofibers
results in enhanced capture of small aerosols less than 0.1 um, it can
also induce much higher flow resistance and thus pressure drop, de-
creasing breathability [140].

The latest development of nano-enabled masks has taken advantage
of the combined benefits of superhydrophobicity and photothermal ca-
pacity offered by nanomaterials. Laser-induced forward transfer has
been used to additively deposit graphene onto commercial surgical
masks (Fig. 9b) [141]. These modified, nano-enabled surgical masks
showed excellent superhydrophobicity, which effectively prevents
mask contamination by repelling water droplets. Meanwhile, being an
excellent broadband absorber, the integrated graphene provided
these nano-enabled masks with a photothermal capacity. The surface
temperature of these nano-enabled masks can be quickly increased to
over 80 °C after 100 s of sunlight illumination [141]. It was found that
with the combined superhydrophobic and photothermal effects, these
nano-enabled masks inactivated 99.998% aerosolized bacteria after
only 10 min of sunlight exposure [142]. Similar synergistic effects can
be produced with hybrid shellac/copper nanoparticles. By coating com-
mercial surgical masks with these hybrid nanoparticles, Kumar et al.
developed novel photoactive antiviral masks (Fig. 9¢) [143]. It was
found that these nano-enabled masks can effectively inactivate
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bacteria, such as E. coil, to a 4-Log reduction, and can also disrupt the
membrane of nanosized (~100 nm) virus-like particles made of lipid
vesicles.

4.7. Comparison of decontamination methods

There are several meta-analyses that compare the performance of
various mask decontamination methods [106,118,144-147]. Although
a certain degree of inconsistency exists, it appears that most meta-
analyses have drawn the conclusion that VHP is the most reliable and
safest method to decontaminate N95 masks for multiple cycles.

A few studies have focused on the impact of different decontamina-
tion methods on mask integrity. For example, Liao et al. studied the ef-
fects of UVGI, dry heat, moist heat, and ethanol treatments on the PFE
of meltblown fabrics used in N95 masks [148]. They found that among
all tested methods, moist heat at 85 °C and 30% RH had the least impact
on the PFE of the filter fabrics. They were able to perform 50 cycles of the
moist heat treatment without significant changes in the PFE. In compar-
ison, UVGI induced small degradation after 20 treatment cycles. Treat-
ments with 75% ethanol significantly decreased the PFE, and thus
were not recommended for mask decontamination [148]. Ou et al. stud-
ied the effects of UVGI, 77 °C dry and moist heat, and 75% isopropanol
treatments on N95 masks [149]. They found that UVGI was able to
maintain the PFE of masks up to 10 treatment cycles. Between the two
heat treatment methods tested, dry heat showed better compatibility
with electret material by sustaining both the PFE and fit. However, the
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isopropanol treatment significantly decreased the PFE of electret filters
by removing their electrostatic charges, and was therefore not recom-
mended for mask decontamination [149].

Most recent studies have compared the performance of different de-
contamination methods by jointly evaluating their impact on mask in-
tegrity and their effectiveness in inactivating SARS-CoV-2. Kumar et al.
studied the effect of UVGI, moist heat (70 and 75 °C), VHP, and EtO
trestment on N95 masks following experimental contamination with
SARS-CoV-2 [150]. They found that all tested methods except for UVGI
were effective in eliminating the virus. This was likely due to the low
UV doses used in their study, i.e., a total of 1.12 J/cm?, with 0.56 J/cm?
on each side of the mask. All these methods were able to maintain
mask integrity after one treatment, while UVGI, moist heat, and VHP
were able to maintain mask integrity after 10 decontamination cycles
[150].

Smith et al. compared the performance and impact of 70% ethanol,
UVGI (18 J/cm?), and VHP, on N95 masks contaminated with pooled
clinical SARS-CoV-2 samples [151]. It was found that both ethanol and
UVGI caused functional degradation of mask integrity after only one de-
contamination cycle, as indicated by the decreased fit factor score from
200 to less than 100, while VHP treatment showed no significant effect
on the fit factor after two decontamination cycles. It was also found that
out of the three decontamination methods, only ethanol treatment
eliminated detectable SARS-CoV-2 RNA on all tested masks. The VHP
treatment, although it did not completely eliminate infectious SARS-
CoV-2 RNA on all masks tested, did result in a 5-Log reduction in
SARS-CoV-2 RNA on two healthcare grade N95 masks [151].

Fischer et al. compared the performance and impact of 70% ethanol,
70 °C dry heat, UVGI (UVC), and VHP on N95 masks, after each decon-
tamination round and two hours of wear, for three consecutive decon-
tamination and wear cycles [152]. These results are shown in Fig. 10
[152]. It was found that both VHP and ethanol yielded extremely rapid
inactivation on N95 masks, in comparison to UVGI and heat treatment
(Fig. 10a). All four decontamination methods were found to have negli-
gible effects on the mask integrity after a single decontamination cycle
(Fig. 10b). However, subsequent rounds of decontamination caused
sharp degradation of the ethanol-treated masks, and, to a slightly lesser
degree, the heat-treated masks. After the third decontamination round,
only VHP- and UVGI-treated masks maintained a fit factor score higher
than 100, indicating an acceptable performance. With an integrated
consideration of the virus inactivation rates and impacts on the mask in-
tegrity (Fig. 10c), it was found that VHP was the most efficient method
in inactivating SARS-CoV-2, while having the least adverse effect on the
integrity of N95 masks for all three decontamination cycles. UVGI killed
SARS-CoV-2 less rapidly than VHP, but more effectively preserved mask
integrity. Dry heat at 70 °Ckilled the virus with a similar speed to UVGI,
but failed to maintain mask integrity after two decontamination cycles.
Consistent with other studies [148,151], ethanol treatment significantly
impaired the physical integrity of N95 masks, and hence was not recom-
mended [152].

5. Concluding remarks

The COVID-19 pandemic has lasted for more than a year and caused
a monumental shift in our everyday lives. Respiratory droplets and
aerosols have been confirmed as the main transmission routes for
SARS-CoV-2. The effectiveness of masks in population-wide scenarios
has been proven to be significant, and as a result, universal face-
masking has been encouraged by many national and international agen-
cies. Mass vaccinations have been initiated in many countries from the
beginning of 2021. However, there are still a number of uncertainties re-
lated to the use of vaccines, including the time needed to achieve herd
immunity, their efficacy in protecting individuals from SARS-CoV-2 var-
iants, and the probability of vaccinated individuals developing an
asymptomatic infection and spreading SARS-CoV-2 to others. Before
these questions can be resolved, and before a cure for COVID-19
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becomes fully realized, non-pharmaceutical interventions, such as so-
cial distancing, face-masking, handwashing, and contact tracing, will
likely remain the mainstay of preventative measures against COVID-
19, even in the post-vaccination era.

Not all masks are created equal. While laboratory tests generally
suggest that N95 masks are superior in performance to surgical masks,
population studies in healthcare workers have not documented signifi-
cant differences. This discrepancy may be due to the lack of proper fit
when using N95s. Conversely, cloth masks generally perform poorly
compared to N95 and surgical masks in laboratory tests. However, in
part because of the global PPE shortage, cloth masks have become the
most commonly used PPE by the general public. Despite their shortcom-
ings, community-based research has demonstrated the efficacy of cloth
masks in slowing down the spread of COVID-19. Due to a lack of stan-
dards and regulations, research is needed to identify the optimal combi-
nations of fabric materials, number of layers, thread counts, and other
properties, in order to properly engineer more effective cloth masks. De-
contamination methods that allow for the reuse of N95 and surgical
masks have been widely studied amid the pandemic. Nevertheless, it
should be noted that all N95 and surgical masks are designed for
single-use, and all decontamination methods compromise mask integ-
rity and filtration efficiency to a certain degree. There is no one-size-
fits-all decontamination method for any type of mask. The creation of
standardized procedures for different types, brands, and models of
masks should be considered by manufacturers and federal regulators
to ensure consistency and reliability in both the production and decon-
tamination processes. We hope this review has provided some insight
into the role of face masks in curbing COVID-19 infection, and that the
emerging evidence will prompt and crystalize a clear and consistent
set of regulations on mask usage for both healthcare providers and the
general public.
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