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Shortage of personal protective equipment (PPE) is often projected in response to public health emergencies such as
infection outbreaks and pandemics. Respiratory protective devices (RPDs), namely medical face masks and respirators,
are considered the last defence for the front-line healthcare workers. To contribute to the mitigation of RPDs shortage,
new technology such as antimicrobial treated PPE that can reduce the risks of fomite during the donning and doffing
process with an extended lifespan gets increasingly prevalent.
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| 1. Introduction

Personal protective equipment, commonly referred to as PPE, is defined by the Occupational Safety and Health
Administration (OSHA) as equipment worn to minimize exposure to a variety of hazards . Many guidelines have been
issued to advise the practical use of PPE in various work professionals ZEI4l, |n the Hierarchy of Hazard Controls, PPE is
considered an option of the last resort, providing a barrier to prevent work injuries from potentially hazardous work
environments &. PPE type varies and includes head and scalp protection, respiratory protection, eye protection, hearing
protection, hand and arm protection, foot and leg protection, body protection, and height and access protection ElZ. ppE
has been commonly used in healthcare settings, such as at surgical sites and in infection outbreaks B2, |ately, the
growing pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has placed healthcare
workers (HCWs) at great risk of coronavirus disease 2019 (COVID-19) infection 9. The use of PPE in healthcare and
community settings plays a crucial role in preventing the transmission of SARS-CoV-2 during COVID-19 patient care L1,
World Health Organisation (WHO) has recommended the use of PPE, including gloves, medical masks, goggles or a face
shield and gowns, as well as for specific procedures, respirators (i.e., N95 or FFP2 standard or equivalent) and aprons in
different activities involving contact with COIVD-19 patients (1],

In the context of PPE for infection control, respiratory protective devices (RPDs) undertake as part of the package for
personal protection 12, It is also considered the last line of non-invasive defence for HCWs against respiratory infection
transmission 34 RPDs can be divided into medical masks and respirators according to their qualifications and
functions. Medical masks are also known as surgical masks or face masks termed by U.S. Food and Drug Administration
(FDA), or medical face masks termed by European Committee for Standardization (CEN) Technical Committee (TC) 205.
In general, three nonwoven layers compose the most commonly used medical face masks. The middle layer is usually
fabricated by the nonwoven meltblown process featuring electrostatic charging, and the two outer layers are usually
fabricated by the nonwoven spunbond process 12, Medical masks were originally designed to be used in the operation
room, avoiding contaminants generated by the wearer on the wound and meanwhile preventing blood or other potentially
infectious agents from reaching the wearer’s skin, mouth or mucous membranes (by splashes) (18],

| 2. Antimicrobial Masks

In the view of PPE shortage, several studies have demonstrated strategies of incorporating functional agents
(antimicrobial agents, superhydrophobic materials, electrical chargers, etc.) on masks and respirators in vitro that can
reduce the risks of self-inoculation during doffing of the equipment R8I0 T symmarise, the mode of action of
antimicrobial masks can be categorized into the followings: (1) superhydrophobic surface treatment avoiding pathogens’
adhesion and allowing mask self-cleaning; (2) incorporating antimicrobial agents achieving self-disinfectant features
(chemical, photodynamic or photothermal antimicrobial actions); (3) extending the electrostatic charges of masks for
sustained and improved pathogens filtration efficacy 24, Among all, the second type of mode of action is the most
employed one in the current research.



Antimicrobial agents such as quaternary ammonium compounds (QACs), metal ions (in the form of nanoparticles or
nanowire, or nanorods) and natural plant extracts have been frequently utilized for the development of antimicrobial
masks, exerting antibacterial or antiviral actions 2423 QACs are a common type of antimicrobial agent with broad-
spectrum applications, which have been commonly applied in textile materials, including polyethylene terephthalate
(PET), cellulose, polyamide, polypropylene (PP), etc. 24, However, their low stability, non-adhesion or weak attachment
on the substrate surface and potential toxicity result in decreased antimicrobial performance and wide application in
practice 22, In the study of Tufién-Molina et al., a type of PET transparent mask coated with benzalkonium chloride (BAK)
was prepared, which enabled to inactivate enveloped viruses (e.g., the phage phi 6 and severe acute respiratory
syndrome coronavirus 2) in less than a minute of contact time 28, The potent antimicrobial activity of the PET sample
against viruses and bacteria was attributed to the positively charged nitrogen atoms of BAK, which can destroy the
phospholipid bilayer, glycoprotein envelope and spike glycoprotein of the virus or destroy the bacterial membranes. The
PET with BAK coating simple also showed antibacterial ability against MRSA and MRSE with inhibition zones of 0.61 +
0.03 and 0.57 + 0.05, respectively. It is unfortunate that the study did not investigate the safety issue regarding the use of
these BAK-coated masks in practice, such as the potential risks of respiratory exposure to this toxic compound. Similarly,
Marti et al. developed the BAK bio-functional coating on a nonwoven mask filter by the dip-coating method, which
exhibited >99% of SARS-CoV-2 particles reduction in just one-minute treatment 2. In the study of Kumaran et al.,
terpyridine methylammonium chloride (TMAC) and adenine hexyl ammonium chloride (AHAC) were conjugated with lignin
respectively to synthesize lignin 2,2',4'-terpyridine methylammonium chloride (LTMAC) and lignin adenine hexyl
ammonium chloride (LAHAC) and cross-linked to form a permanent antimicrobial coating on the surface of the face masks
in the form of spray or infiltration (Figure 1(Ai)) (28], In the evaluation of the antiviral ability of LTMAC and LAHAC-coated
PP face mask, human coronaviruses (alpha coronavirus: HCoV-229E and beta coronavirus: HCoV-OC43) were
inactivated in 5 min and achieved 3-6 log reduction in 30 min (Figure 1(Aii—Av)). In addition, the LTMAC- and LAHAC-
coated face masks significantly killed K. pneumoniae both in the medium composition of distilled water and artificial saliva
and in the transmission modes of droplets and aerosols, which also showed a consistently time-dependent bacterial
inactivation. However, the stability of the polymer coating on the mask surface needs to be verified.
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Figure 1. (Ai). Schematic illustration of the UV cross-linked coating on the surface of the face mask. Gene expression
level change of HCoV-229E (Aii,Aiii) and HCoV-OC43 (Aiv,Av) on lignin-based, LTMAC- (Aii,Aiv) and LAHAC- (Aiii,Av)
coated face mask fabrics (spunbond: outer layer of SM, meltblown: middle layer of SM and spunbond-N95: outer layer of
N95) (n = 3, mean + SD) 28, (Bi). Schematic illustration of the gallium-copper (LMCu) coatings on fabric by galvanic



replacement. (Bii). False coloured SEM images of S. aureus, E. coli and C. albicans cells on the control, Ga coated, and
LMCu coated fabric (scale bars: 500 nm for S. aureus and E. coli and 2 um for C. albicans): red arrows indicated the
physically damaged and perforated cells 29, (Ci). Schematic illustration of the synthesis of core-shell Cu@ZIF-8 NWs.
(Cii). Release profile of Cu?* and zZn?* from the Cu NWs and Cu@ZIF-8 NWs in cell media (n = 3. p < 0.05). (Ciii).
Antimicrobial efficacy (percent reduction at OD 600 nm after 26 h) of Cu NWs, ZIF-8 and Cu@ZIF-8 NWs against S.
mutans and E. coli at concentrations of 375 pg-mL™L. (Civ). Antiviral effects (percentage reduction) of Cu@ZIF-8 NWs and
Remdesivir at 24 h and 48 h post infection [,

Metal ions in the form of nanoparticles or nanowires or nanorods have been frequently utilized for the development of
antimicrobial masks against various bacteria, fungi and viruses (2289 However, the weak coating adhesion between the
metal particles (e.g., CuNPs, AgNPs, ZnNPs) and the textile substrate is the key issue hindering their further application in
antimicrobial masks. In the study of Kwon et al., gallium liquid metal (LM) particles were used to increase the adhesion
between liquid metal copper alloy (LMCu) particles and the fabric, which meanwhile achieved the reduction of Cu ions into
metallic Cu by galvanic replacement (Figure 1(Bi)) 2. After 20 min interaction between bacteria/fungi and LMCu coated
fabric, significant cell death was observed (S. aureus (96.8 £ 4%), E. coli (99.7 £ 1%), and C. albicans (97.6 + 4%))
(Figure 1(Bii)). Additionally, the LMCu coated fabric rapidly killed S. aureus in 10 s or even less. Moreover, LMCu coated
fabric exhibited over 90% viral titer reduction in the antiviral test against prototype human coronavirus (HCoV 229E).
Assisted with gallium LM particles, LMCu coating has a great potential for antimicrobial masks in the critical pandemic
period. However, the toxicity assessment shall be performed to evaluate the potential risk of wearing these LMCu coated
masks before their scaled application. In addition to the form of NPs, Cu has been produced in the shape of nanowires for
a high surface-to-volume ratio. For example, in the study of Kumar et al., the surface of the blown polypropylene filtration
media was dip coated with copper@ZIF-8 core-shell nanowires (Cu@ZIF-8 NWs), in which the Cu NWs were firstly
passivated with the pluronic F-127 block copolymer for the following growth of ZIF-8 and meanwhile to prevent Cu NW
degradation (Figure 1(Ci)) 22, The Cu@ZzIF-8 NWs exhibited lower cytotoxicity with three tested cells (A549
adenocarcinomic human alveolar basal epithelial cells, human gingival epithelial-like and primary gingival fibroblasts) in
comparison to the bare CuNWs owning to the sustained and controlled release of copper ions (Figure 1(Cii)). In
addition, Cu@ZIF-8 NWs showed more effective bactericidal activity against Streptococcus mutans (S. mutans) (86%
inhibition) and E. coli (91% inhibition) than bare Cu NWs or ZIF-8, attributing to the synergistic antimicrobial effects
between the Cu nucleus and the ZIF-8 shell (Figure 1(Ciii)). Additionally, Cu@ZIF-8 NWs demonstrated stronger antiviral
activity in comparison with the positive control Remdesivir in the in vitro investigation (Figure 1(Civ)). However, the
antiviral activity of the Cu@ZIF-8 NWs treated masks upon the exposure to virus-laden aerosols needs to be further
explored as well as the general properties of masks in terms of the mechanical strength and filter efficiency.

Various natural plants extract exhibits strong antibacterial and antiviral properties, such as fructus arctii, sage, lycoris
radiata, cinnamon and licorice, among others 1. Son et al. prepared the AC + CO + PU antimicrobial nanofiber mat by
polyurethane (PU) mixing solution activated carbon (AC) and cinnamon essential oil (CO) as the antibacterial agents via
the electrospinning method, which exhibited a good inactivation effect of S. aureus and E. coli B2, Researchers have
found various compounds in licorice with antiviral and antimicrobial properties, especially 18-3 glycyrrhetinic acid (GA)
and glycyrrhizin (GL). In the study of Chowdhury et al., the licorice root extract that contains the antiviral substance
glycyrrhetinic acid (GLR) was added to polyvinyl alcohol (PVA) solution to fabricate the bio-based filtration mask with a
random porosity and orientation by electrospinning (nanofibers diameter ranging from 15 um to 30 um) (Figure 2(Ai)) 231,
The airflow rate of 85 L min™? (to maintain good breathability) can be reached with a pore size of 75 nm, which is smaller
than the size of COVID-19 (Figure 2(Aii)). Additionally, the filtering efficacy was not affected when increasing the airflow
rate in comparison with N95. However, the antivirus activity and the potential cytotoxicity of the licorice root-based masks
need to be further evaluated. Moreover, the fluid-resistant and particulate filtration capacities need to be investigated for
its final use as an antimicrobial face mask in practice.

Considering sustained and controlled antimicrobial action on face masks, researchers have proposed light-induced
inactivation of pathogens upon near-infrared (NIR) light, Ultraviolet (UV) light or visible (Vis) light irradiation 241,
Photothermal and photodynamic modes of action act as a green and effective way to eliminate biological threats and
generate heat or ROS to kill pathogens. In the study of Wu et al., the photodynamic BC-BPTCD-RF nanofibers (BBR-NFs)
were produced by an esterification reaction between the carboxyl group of Benzophenone tetracarboxylic dianhydride
(BPTCD) and the hydroxyl groups on bacterial cellulose nanofibers (BC-NFs), followed by grafting with Riboflavin (RF),
which was further loaded through the high-pressure airflow onto the surface of the nonwoven fibers (Figure 2(Bi)) 2. The
BBR-NFs showed excellent antibacterial effects, achieving 99.999% and 99.9% contact-killing against E. coli and S.
aureus by the sustained release of ROS owing to the forming of the intramolecular energy transfer channels and
hydrogen transport after effective absorption of visible light (Figure 2(Bii)). In addition, the BBR-NFs exhibited excellent
antiviral effects against a simulated virus T7 bacteriophage, achieving 5 log plague-forming units (PFU) reduction both in 1



h under light conditions and in 90 min under dark conditions (Figure 2(Biii)). Similarly, Monmaturapoj et al. modified
hydroxyapatite with anatase TiO, composite (HA/TiO,) (HA50:Ti50) by solid-state reaction method, which showed an
excellent antimicrobial effect 38, HA/TIO, composite at 0.5 mg-mL™! dose exhibited antiviral activity against the HIN1
influenza A virus, achieving more than 2 log/hour reduction of virus titer upon UV irradiation for 60 min because of the
production of ROS (especially hydroxyl free radicals and peroxide) by TiO, particles upon UV light exposure, while for final
application in practice, the persistence of the antiviral effects against the SARS-CoV-2 virus as well as the filtration
efficacy shall be further verified. Furthermore, researchers have also attempted to combine several antimicrobial modes of
action together for enhanced/synergistic antimicrobial activity. In the study of Kumar et al., shellac/copper nanoparticles
(CuNPs) were coated on the PP nonwoven surgical masks by dual-channel spray method, where the bio-adhesive shellac
bonded tightly to the antimicrobial CuNPs, increasing the hydrophobicity and photoactivity of the surface for self-cleaning
property (Figure 2(Ci)) BZ. The nanocoated photoactive antiviral masks (PAM) exhibited substantial E. coli MG1655
reduction (~4 log) under the sunlight for 5 min, attributing to the generation of free radicals by the rapid rising of the mask
surface temperature over 70 °C (Figure 2(Cii,Ciii)). Additionally, the concentration of extracellular vesicles as the model of
COVID-19-virus-like particles (VLPs) decreased by 2—-3 log on the PAM under sunlight for 5 min owing to the self-cleaning
ability of PAM. Overall, the PAM showed excellent photocatalytic and self-cleaning activity, providing a pragmatic solution
in the critical pandemic situation.
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Figure 2. (Ai) Schematic illustration of the production of biobased antiviral face mask by electrospinning process. (Aii)
Estimated airflow rate through the licorice membrane with a varying pore size 3. Reprinted from Environ. Res.,
192/110294, Chowdhury, M.A.; Shuvho, M.B.A.; Shahid, M.A.; Haque, A.K.M.M.; Kashem, M.A.; Lam, S.S.; Ong, H.C.;
Uddin, M.A.; Mofijur, M., Prospect of biobased antiviral face mask to limit the coronavirus outbreak. (Bi) Schematic
illustration of the fabrication of BBR-NFs and their encapsulation with the nonwoven fibers. (Bii) E Bactericidal activity
of BBR@protective suit against E. coli and S. aureus under visible light irradiation (a) and dark conditions (b). (Biii)
Viricidal assay against T7 phage for BBR@protective suit (a) and BBR@mask (b) under visible light irradiation and dark
conditions (2l (Ci). Schematic illustration of the virus inactivation in respiratory droplets through photothermal,
photocatalytic and hydrophobic self-cleaning processes under solar irradiation. (Cii). Colony-forming unit (CFU) number of
viable E. coli after solar illumination treatment on the surface of the control, PAM and raw surgical mask (data are
presented as means = SD and n = 3). (Ciii). Increase in the CAM and Mask surface temperature as a function of solar
illumination time (data are presented as mean + SD and n = 3) B4,

The development of antimicrobial masks can indeed extend the lifespan of medical masks. The up-to-date developed
antimicrobial masks in literature are summarized in Table 2. In combination with decontamination of the used masks,
these strategies can potentially solve the global shortage of masks during the pandemic. Nevertheless, in addition to
possible protocols for reuse of the medical masks or respirators, good training and guidance for proper reuse of them are
fundamental to ensure their efficiency in infection prevention and control (IPC) 28139,

Table 2. Strategies for the fabrication of antimicrobial masks.



Coating Method Antimicrobial Agents Mode of Action Tested Microorganisms Ref.
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