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The impact of respiratory diseases is vast and multifaceted, affecting individuals, healthcare systems, and
global economies. In response to the spread of respiratory pathogens, masks and respirators have
become pivotal, demonstrating their capability to mitigate transmission. However, the limitations of
conventional face masks or respirators, such as their single-use nature, environmental impact, and the
risk of contact-based transmission, have accelerated the development of antimicrobial masks. Designing
effective antimicrobial masks requires a deep understanding of the properties of each layer and the
identification of an optimal configuration to enhance their protective efficiency. In this study, we
investigated the filtration performance, including filtration efficiency and breathability, of individual layers
in conventional 3-ply masks and stacked spunbond (SB) fabrics with and without salt coating, under both
dry and wet fabric conditions. We aimed to elucidate the filtration efficiency of each mask layer with
respect to particle size and type (NaCl aerosols, DOP aerosols), with particular focus on the impact of
salt-coated SB fabric and its application. While bare fabrics showed a decrease in filtration efficiency with
increased wetness, salt-coated fabrics exhibited enhanced filtration efficiency. Importantly, evaluating
the efficacy of a stack comprised of salt-coated SB fabrics across diverse antimicrobial respiratory
devices highlighted its efficacy as both the outermost layer in a 3-ply mask and as a mask covering (i.e.,
a supplementary layer over a mask or respirator). This investigation not only emphasizes the significance
of salt-coated antimicrobial technology in mitigating disease transmission but also offers a practical
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1. Introduction

During pandemics and epidemics, the effectiveness of masks
has been well-documented, with studies showing a 70-79%
reduction in infection rates."® However, the conventional
masks have limitations mainly due to the disposable nature of
masks. To maintain filtration efficiency and reduce the risk of
pathogen transmission through surface contamination, it is
recommended that surgical masks be replaced immediately if
they become wet, and at least every four hours under normal
use.* The environmental impact of disposable masks is also
a significant concern, as discarded masks can break down into
microplastic fibers smaller than 5 mm, which can enter
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approach for adeptly implementing this technology in respiratory protection devices.

waterways and disrupt ecosystems.® This continuous cycle of
demand, use, and environmental degradation underscores the
urgent need for reusable antimicrobial masks that can protect
public health while minimizing ecological harm.

The antimicrobial masks should be designed to fulfill
multiple criteria, including non-toxicity, rapid pathogen inac-
tivation, and a pathogen non-specific antimicrobial effect,
prevention of contact transmission, and ease of scale-up.®
Moreover, the masks should conform to guidelines such as
filtration efficiency (see ESI Table S1} for international stan-
dards). To satisfy all the requirements, selecting appropriate
functionalization strategy of antimicrobial material is crucial
(e.g., encapsulation in fiber, fiber surface adsorption, chemical
functionalization on fiber, crosslinked antimicrobial coating,
loading into fiber coating, and functionalization on fiber
coating).” Surgical masks and respirators typically consist of 3 or
4 layers, including the outermost (O), middle (M), and inner (I)
layers. The outermost spunbond polypropylene (SB PP) layer
acts as a physical barrier to prevent contamination of the
middle layer, which serves as the main filter capturing most
particles. The inner layer that directly contacts with face
supports the middle layer.®* When selecting which layer to treat
with antibacterial agents, it is important to consider the type

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and size of the pathogenic particles and choose a functionali-
zation strategy that meets all the necessary performance
requirements.

Particle-dependent filtration efficiency can be used for
testing the performance of the designed masks. The main
filtration mechanism depends on particle size; for instance,
sedimentation and inertial impaction are mainly observed for
large particles (1-10 pm), while interception and diffusion are
significant for particles ranging from 0.1-1 pm, and electro-
static attraction is crucial for particles smaller than 300 nm.’
Understanding size-dependent filtration efficiency enables the
identification of primary mechanisms for capturing infectious
aerosols/droplets carrying viruses and bacteria, as well as the
quantitative assessment of each layer's role in pathogen
capture. The predominant size of aerosols or droplets generated
varies depending on the nature of human activities; talking (35—
150 pm), coughing (45-200 pm), resting (<0.57-0.71 um), and
manual rubbing of mask fabric (0.3-2 pm)."*** Given these
variations, different filtration mechanisms are required to
effectively capture particles during different activities. For
example, in healthcare settings or during conversations, large
particles are more common, and thus masks need to have high
filtration efficiency for these larger particles. This under-
standing is crucial for determining which mask layers should be
treated with antimicrobial agents to target specific modes of
disease transmission.

Evaluation of environmental conditions and surface treat-
ments is critical when characterizing the performance of
filtration masks. In practical applications, masks frequently
encounter humid environments, particularly when worn for
extended durations or in colder climates. The humidity gener-
ated primarily from exhaled breath can significantly influence
the filtration efficiency of masks. Typically, exhaled breath
humidity ranges from 41.9-91% at temperature of 31.4-35.4 °
C.** Studies indicate that prolonged mask usage increases
internal humidity from approximately 61.6 + 11.2% to 88.5 +
11.7%."* Many meltblown (MB) filters of masks depend on
electrostatically charged fibers to enhance particle capture.
However, previous reports have demonstrated that exposure to
humidity can significantly reduce this electrostatic charge,
thereby compromising the filtration efficiency of masks.'® For
instance, polypropylene (PP) filters have been shown to lose
56.9% to 61.2% of their electric potential after 48 hours of
exposure to 90% RH."” Besides, ethanol and steam treatment on
N95 masks led to a reduction in filtration efficiency to 77% and
50%, respectively, although this efficiency can be partially
restored to 86% following recharging.'® Given that electrostatic
charge can account for about 9-69% of the filtration efficiency
of masks, the degradation of this charge due to humidity is of
considerable importance.”* Therefore, incorporating consid-
erations of wetness and humidity into the assessment of
filtration efficiency is important for accurate evaluations.

To effectively control the spread of infectious diseases,
various antimicrobial materials, such as metallic nanoparticles,
synthetic chemicals, and natural extracts, have been applied to
masks. However, these materials often present limitations,
including challenges in application, potential toxicity, and/or
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low antimicrobial activity.>*** Designing effective antimicro-
bial masks requires meeting several key criteria: rapid inacti-
vation, broad-spectrum (non-specific) pathogen inactivation,
cost-effectiveness, and safety. Overcoming these challenges
necessitates the careful selection of optimal materials and
coating or functionalization methods to achieve rapid, non-
specific pathogen inactivation without compromising safety.
In response to these needs, we have developed salt-coated
fabrics that inactivate pathogens through a process of salt
recrystallization, which occurs when pathogen-laden aerosols/
droplets come into contact with the salt-coated fabric surface.

Previous studies have demonstrated the rapid antimicrobial
activity of salt-coated fabrics against diverse pathogens,
including bacteria (e.g., E. coli, K. pneumonia, S. pyogenes, P.
aeruginosa, and MRSA) and viruses (e.g., influenza viruses and
coronaviruses), and inactivation mechanism.*® It was found
that pathogen inactivation efficiency is related to the amount of
salt and salt type (NaCl, KCl, and K,SO,).”** However, their filter
performance, specifically filtration efficiency and pressure drop,
was not fully characterized in relation to the quantity of salt and
moisture. Hence, the primary objective of this paper is to
examine the mask performance of salt-coated fabrics with
different salt amount (5, 9, and 13 mg cm™ %) and salt type (NaCl,
KCl, and K,S0,). The results was compared with those of bare
filters to identify the effects of salt coating on mask perfor-
mance and the functionalization strategy. This study can
contribute to reveal (1) particle-size dependent filtration
mechanism of different configuration of mask fabrics, (2)
effects of salt coating on mask performance and optimization of
salt-coated fabric configuration, and (3) the effects of wetness
on filtration efficiency and breathability.

2. Results and discussion
2.1 Filter performance of bare fabrics

Filtration efficiency and breathability are critical factors in
accessing the performance of surgical masks and respirators
(see Table S17 for detailed guidelines). Filtration efficiency was
tested using two different types of aerosols: 5% NaCl and dioctyl
phthalate (DOP), following NIOSH 42CFR84 standards. NaCl
aerosols are hydrophilic because the Na* and CI~ ions attract
water molecules through ion-dipole interactions. This charged
ions enables them to interact with the charged fibers of a filter
through electrostatic attraction. In contrast, DOP is hydro-
phobic and non-charging due to its long non-polar alkyl chain,
making its capture in filters rely more on mechanical processes
such as interception, impaction, and diffusion, rather than on
electrostatic interactions.*

The main objective was to assess the performance of indi-
vidual layer (SB outer: O, MB middle: M, and SB inner: I) within
a 3-ply mask (O/M/I) and stacked SB PP fabrics. Additionally, the
study aimed to evaluate the performance of masks in different
configurations, such as stacked SB fabrics used as the outer layer
of a 3-ply mask or as a mask covering. To this end, the following
conditions were tested: single layers (O, M, and I); stacked SB
inner layers (2, 3, 4, and 5 stacked inner layers; a stack of 7 inner
layers is abbreviated as I x n); 3-ply masks (O x 1/M x 1/I x 1),
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Fig.1 Filter performance of bare fabrics. Filtration efficiency and breathability were performed according to NIOSH 42CFR84 and ASTM F2100-
19e1 standards, respectively. (a) Overall filtration efficiency of bare fabrics tested with 5% NaCl aerosol (i) and DOP aerosol (ii). (n = 10-21 for afi)
and 13-24 for af(ii), mean £ SD). (b and c) Particle size-dependent filtration efficiency tested with 5% NaCl aerosols (b) and DOP aerosols (c) (i:
filtration efficiency of bare fabrics and ii: zoomed-in filtration efficiency of the bare fabrics). (n = 7-21 for b and 9-24 for ¢, mean + SD). (d)
Breathability of bare fabrics with different stacking sequences (n = 9-12, mean + SD). For all panels: ns, P> 0.05; *, P < 0.05; ** P < 0.01and ****
P < 0.0001 by one-way ANOVA. The obtained fabrics were labelled as Fabricsa: X #amount- Fabric’ indicates PP fabric type (I, M, O); ‘Salt’ the
coating (T20, NaCl, KCL, K,SO,); ‘#' the number of layers (1-5); ‘Amount’ the coating weight (5, 9, 13 mg cm™2). Bare fabrics are “Fabric x #”, ‘#'
being the layer count. The ’/* symbol shows layer order, ‘A/B" means A over B.
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including both intact and reassembled masks (referred to as
recombined 3-ply masks, ie. 3-ply mask.); and configurations
where single or stacked inner layers were used as a mask cover
(i.e., I x 1/3-ply mask and I x 3/3-ply mask) or as an outer layer of
amask (Ix 1/M x 1/ x 1and I x 3/M x 1/1 x 1).

Our findings revealed that the middle layer exhibited the
highest filtration efficiency, with an average of 88 + 4% for 5%
NacCl aerosols and 83 + 4% for DOP aerosols (Fig. 1a(i,ii)). In
addition, filtration efficiency increased with the number of
stacked inner layers in both NaCl and DOP aerosols (GLM, P =
0.0221 for I x 1 and P<0.0001 forI x 2,1 x 3,1 x 4,1 x 5). This
trend was more pronounced for NaCl aerosols (Fig. 1a(i))
compared to DOP aerosols (Fig. 1a(ii)): I x 1 (NaCl: 9 + 4%,
DOP: 4 =+ 3%; t-test, P= 0.0013), I x 2 (NaCl: 15 & 3%, DOP: 6 +
4%; t-test, P < 0.0001), T x 3 (NaCl: 21 + 4%, DOP: 7 + 5%; t-test,
P < 0.0001), I x 4 (NaCl: 30 + 9%, DOP: 8 + 4%; t-test, P <
0.0001), and I x 5 (NaCl: 40 + 5%, DOP: 12 =+ 3%; t-test, P <
0.0001). This significant increase in filtration efficiency with the
number of SB fabrics contrasts with the relatively low efficiency
of a single SB PP fabric (used as either inner or outer layers of
a 3-ply mask), suggesting that stacked SB fabrics could be
effectively used in the design of 3-ply masks or as mask cover-
ings to protect against biological contaminants in aqueous
mediums. When comparing intact and reassembled 3-ply
masks (3-ply mask vs. 3-ply mask.), there was no significant
difference in filtration efficiency for both NaCl and DOP aero-
sols (#-test, P = 0.3439 and P = 0.0707, respectively). This result
suggests greater flexibility in the fabrication of antimicrobial
face masks, as individual layers can be functionalized and
stacked without compromising filtration efficiency.

To further assess the impact of the use of stacked SB fabrics,
the filtration efficiency of two configurations, I x 3/3-ply masks
(with I x 3 as the mask covering) and I x 3/M x 1/I x 1 (with I x
3 as the outer layer of a 3-ply mask) were tested. As shown in
Fig. 1a(i,ii), no significant difference in overall filtration effi-
ciency was observed from I x 3/3-ply mask and I x 3/M x 1/I x
1, compared to a middle layer only (M x 1) or a 3-ply mask (O x
1/M x 1/1 x 1). This is due to the predominant role of the
middle layer in particle capturing efficiency (GLM, P = 0.3033
for M x 1,1 x 3/3-ply,and I x 3/M x 1/I x 1, P = 0.0023 for 3-
ply mask, I x 3/3-ply mask, and I x 3/M x 1/I x 1 from Fig. 1a(i)
and P=0.1155 for M x 1,1 x 3/3-ply,and I x 3/M x 1/I x 1,P=
0.0729 for 3-ply mask, I x 3/3-ply mask, and I x 3/M x 1/I x 1
from Fig. 1a(ii)). However, it is important to note that the
stacked SB fabric layer (I x 3) captured more particles when
used as a mask covering or outer layer compared to a single SB
fabric (O x 1 or I x 1) in a traditional 3-ply mask.

Interestingly, the filtration efficiency against NaCl aerosols
exhibited a biphasic trend: an initial rapid decrease of filtration
efficiency up to 0.3-0.75 pm (first phase), followed by a gradual
increase with particle size (second phase) (see Fig. 1b(i,ii) for
a detailed view). Furthermore, it is evident that an increase in
the number of stacked inner layers led to higher filtration effi-
ciency, as observed in Fig. 1a(i). Given that most viruses (<0.4
pm) and bacteria (<5 pum) fall within this size range, this data
suggests that employing a stack of inner spunbond PP fabrics as
the outermost layer of a mask or mask covering can effectively
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enhance mask protection against respiratory diseases by
reducing the viral/bacterial load on the middle MB layer.”® In
contrast to NaCl aerosols, there was no noticeable biphasic
behavior in size dependent filtration efficiency against DOP
aerosols (compare Fig. 1b with 1c). However, filtration efficiency
was observed to increase with particle size >1 pm (Fig. 1c).
Consequently, the filtration efficiency of three stacked inner
layers (I x 3) was measured at 23 + 15% and 85 + 31% for 2 and
3 um DOP aerosols, respectively. The overall filtration efficiency
data for NaCl and DOP aerosols demonstrate that stacked SB
fabrics enhance filtration performance. These fabrics are
effective in filtering biological infectious contaminants of all
sizes (Fig. 1b) and non-charged larger contaminants (>1 pum;
Fig. 1c).

Based on the size dependent filtration mechanisms, the
initial high filtration efficiency at the first phase in Fig. 1b can
be explained by electrostatic attraction between NaCl aerosols
and the spunbond fibers as electrostatic attraction is dominant
filtration mechanism for small particles (<300 nm). The
decrease in filtration efficiency during the initial phase as
particle size increases might be due to the factors such as rise in
aerodynamic drag and face velocity, which reduces the potency
of electrostatic attraction.>*>* However, during the second
phase, physical mechanisms such as interception, diffusion,
sedimentation, and inertial impaction becomes the dominant
factors influencing filtration efficiency, leading to an increase in
filtration efficiency as the particle size increases (>1 pm). This
phenomenon clarifies the particle capturing behavior observed
in the stacked inner layers depicted in Fig. 1b. On the other
hand, it is reasonable to assume that the non-charged hydro-
phobic nature of DOP does not exhibit electrostatic attraction
with fibers, leading to the disappearance of biphasic filtration
efficiency behavior (Fig. 1c). The higher filtration efficiency
observed in tests with increasing DOP aerosol sizes, compared
to NaCl aerosols, is likely related to the hydrophobic properties
of masks that repel water particles and attract oil particles.*®
Similar trends were also observed in the particle size-dependent
filtration efficiency of the MB PP middle layer (Fig. S1at). While
the filtration efficiency against 5% NaCl aerosols remained
above 86%, it decreased to 59% with DOP aerosols, possibly due
to the absence of charge in DOP (compare Fig. S1a(i) with (ii)T).
Also, the single SB outer layer showed higher filtration efficiency
when tested with DOP than with NaCl aerosols, indicating
hydrophobic interaction between hydrophobic fabrics and DOP
(Fig. S1bt) (GLM, P < 0.0001).

Breathability of various architectures was tested by
measuring pressure drop under the same test conditions
(Fig. 1d). The overall trend aligns with filtration efficiency,
wherein the middle layer exhibits the highest pressure drop (35
+ 1.1 Pa cm™ %) compared to other single layers (O: 2 & 0.5 Pa
ecm 2 and I: 1 & 0.1 Pa cm™?). The increased pressure drop of
the MB middle layer is attributed to its smaller pore size and
increased fiber diameter compared to SB fabrics used in the
outer and inner layers.** Additionally, the pressure drop was
observed to rise with the increasing number of stacked inner
layers (GLM, P < 0.0001): I x 2 (3.9 & 0.5 Pacm ™ 2),1 x 3 (6.0 +
0.1Pacm ?),I1x4(7.9+ 0.6 Pacm >),and I x 5 (10.5 % 1.0 Pa
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cm ™ ?). However, it is important to note that the utilization of
stacked inner layers as a cover atop a 3-ply mask (i.e., I x 3/3-ply
mask) or as an outer layer of a 3-ply mask (i.e., I x 3/M x 1/I x 1)
does not surpass the pressure drop limit of 50 Pa cm™ 2. This
underscores the flexibility of stacked inner layers in the design
and fabrication of respiratory devices while adhering to differ-
ential pressure guidelines (see Table S17).

2.2 Performance of salt-coated stacked spunbond (SB)
fabrics

To evaluate the filter performance of salt-coated SB PP fabrics,
filtration efficiency and breathability were characterized at the
same testing conditions as in Section 2.1. For this purpose,
three different types of salts (NaCl, KCl, K,SO,) with different
amounts of salts (NaCl: 5, 9, and 13 mg cm?; KCI: 5 and 9 mg
em?; K,S0,: 5 mg cm ™ %) were coated onto the three stacked SB
inner membranes. Additionally, to evaluate the effect of
surfactant in the salt coating formulation, SB inner layers
treated with Tween 20 (T20) were also examined. As shown in
Fig. 2a(i), salt-coated SB fabrics exhibited overall filtration effi-
ciency ranging from 3% to 5% against NaCl aerosols, which was
lower than the efficiency of three stacked SB inner layers
without salt coating (I x 3: 21 + 4%) (one-way ANOVA, P <
0.0001). However, the difference in filtration efficiency was less
significant in tests with DOP aerosols (Fig. 2a(ii)) (one-way
ANOVA, P = 0.1107). The underlying reason for these differ-
ences was explored by examining the particle size-dependent
filtration efficiency. As shown in Fig. 2b(i), Inac1 X 3 showed
lower filtration efficiency against small particles (<0.3 pm)
compared to I x 3 (GLM, P < 0.0001). Given that the primary
mechanism of filtration efficiency at =0.3 pm is electrostatic
attraction and that both bare and salt-coated SB fabrics have
similar pore sizes, the decrease in filtration efficiency against
NacCl aerosols can be attributed to the lack of charge in the salt-
coated stacked SB fabrics (see Fig. 2b(i) for NaCl and Fig. S2a-
c(i)t for KCl and K,SO,). However, when testing with non-
charged DOP aerosols, both I x 3 and Insc X 3 exhibited
similar particle-size dependent filtration efficiency trends, with
no significant capturing efficiency for particles <0.3 um,
regardless of type of salts (see Fig. 2b(ii) for NaCl and Fig. S2a-
c(ii)t for KCI and K,SO,). Notably, the low filtration efficiency
against =0.3 um sized NacCl particles, was also evident in Tween
20 (T20)-treated filters (I x 3), demonstrating that the
surfactant itself also degrades the electric charge or dipoles of
the SB fabrics. The ether groups in polyoxyethylene chains can
form hydrogen bonds with water molecules, which contributes
to the high solubility of T20 in water.*> When T20 comes into
contact with electret filters, these polyoxyethylene chains can
enhance the adsorption of water molecules, which neutralize
the electrostatic charges on the electret fibers due to their high
dielectric constant."”

Considering that the salt coating formulation includes
a surfactant, it is plausible that the previously observed filtra-
tion efficiency of the salt-coated inner layers could also be
attributed to the presence of T20, which is also added to
enhance the salt coating. As indicated in Fig. 2c, no noticeable
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difference was observed in pressure drop between I x 3 and Ig,¢
x 3, when compare mean values ranging from 5-8 Pa cm >
across all the conditions tested in this study. This consideration
aligns with the maximum allowable differential pressure (50/60/
60 Pa cm™?) specified in the ASTM F2100-19e1 standard. The
observed trend was consistent regardless of the type of salt
(NaCl, KCl, and K,SO,) or the quantity of salt used to produce
salt-coated antimicrobial PP fabrics (5 mg cm ™%, 9 mg cm ™2,
and 13 mg cm ™). Consequently, stacking salt-coated SB fabrics
does not lead to a noticeable decrease in breathability, which is
a common concern associated with filter functionalization.

2.3 Application of stacked salt-coated SB fabrics to a mask
cover and outer layer of a mask for antimicrobial face masks

Mask performance has been tested by employing NaCl-coated
SB fabrics and bare SB fabrics either as a cover over a conven-
tional 3-ply mask (stacking sequence: Inacr X 3 (cover)/O x 1/M
x 1/ x 1, Fig. 3) or as an outer layer of a 3-ply mask (stacking
sequence: In,c; X 3 (outer layer)/M x 1/I x 1, Fig. S3f). As
shown in Fig. 3a, the filtration efficiency of a salt-coated mask
cover was 2-5% higher than a conventional 3-ply mask (O x 1/M
x 1/1 x 1), regardless of the aerosol type used in testing (i: NaCl,
ii: DOP). However, no significant difference in filtration effi-
ciency was observed between I x 3/3-ply masks (i.e., a stack of
three bare inner SB fabrics on top of a 3-ply mask) and Inac % 3/
3-ply masks (one-way ANOVA, P = 0.2653 for Fig. 3a(i) and P =
0.0652 for Fig. 3a(ii)). When the outer layer was replaced with
three stacked SB fabric (Inaci X 3/M x 1/I x 1), the filtration
efficiency was similar to that observed with the mask cover (i.e.,
I X 3/0 x 1/M x 1/T x 1 and Inaq X 3/0 X 1/M X 1/T X 1;
Fig. S31). Also, particle-size dependent filtration efficiency
measurements indicate that the previously observed filtration
efficiency decrease at <0.3 um for 5% NaCl particles was no
longer evident, regardless of salt quantity and stacking
sequence (Fig. 3b and S3bt). This is presumed to be due to the
high filtration efficiency of the MB middle layer (Fig. Siaf),
which reduces the effects of other layers on overall filtration
efficiency performance. Similarly, when tested with DOP aero-
sols, a progressive rise in filtration efficiency with particle size
was observed across all mask structures using stacked SB
fabrics, w/ and w/o salt coating (refer to Fig. 3c and S3ct).

The use of the I, % 3 as a cover on top of a 3-ply mask
(Fig. 3d) and replacement for the outer layer of a 3-ply mask
(Fig. S3df¥) resulted in an increase in pressure drop up by 9-10
and 7-9 Pa cm ™2, respectively, compared to the conventional 3-
ply mask. Importantly, both configurations, regardless of the
amount of coated salt, adhered to the ASTM F2100-19¢el
guidelines, which specify a differential pressure below 50 Pa
em 2 for Level I masks and =60 Pa cm™ > for Level II and III
masks (Fig. 3d and S3dt). Taken together, these findings indi-
cate that when salt-coated SB fabrics are used as a mask cover
and an outer layer of a mask, they achieve high filtration effi-
ciency, effectively addressing the limitations observed with salt-
coated fabrics alone against small aerosols, and breathability by
maintaining pathogen inactivation functionality. As such, it is
anticipated that mask configurations incorporating salt-coated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Filter performance of salt-coated fabrics. Filtration efficiency and breathability were performed according to NIOSH 42CFR84 and ASTM
F2100-19el standards, respectively. (a and b) Overall filtration efficiency (a) and particle size-dependent filtration efficiency (b) of salt-coated
fabrics tested with 5% NaCl aerosol (i) and DOP aerosol (ii). (n = 13-23 for afi), n = 12-22 for a(ii), n = 9-21 for b(i), and n = 8—-24 for b(ii), mean +
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0.0001 by one-way ANOVA.
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Fig. 3 Filter performance of bare and salt-coated fabrics with different stacking sequences. Filtration efficiency and breathability were per-
formed according to NIOSH 42CFR84 and ASTM F2100-19el standards, respectively. (a) Overall filtration efficiency of | x 3 and Iyaci X 3 as
a cover of the 3-ply mask (i: 5% NaCl aerosol and ii: DOP aerosol). (n = 10-20 for a(i) and n = 10-15 for al(ii), mean + SD) (b and c) particle size-
dependent filtration efficiency of | x 3 and Inact X 3 as cover of the 3-ply mask, tested with 5% NaCl aerosol (b) and DOP aerosol (c) (i: filtration
efficiency of stacked fabrics and ii: zoomed-in filtration efficiency of the stacked fabrics). (n = 10-20 for b and n = 10-15 for ¢, mean =+ SD). (d)
Breathability of | x 3 and Inact X 3 used as an outer. (n = 9-12, mean + SD). For all panels: ns, P> 0.05; * P < 0.05 and **** P < 0.0001 by one-

way ANOVA.
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Fig. 4 Filter performance of bare and salt-coated fabrics with different wetness. The wetness of the samples was measured by weighing the
samples before and after water spray, followed by dividing the values by mask surface area. Filtration efficiency and breathability were performed
according to NIOSH 42CFR84 and ASTM F2100-19el standards, respectively. (a) Overall filtration efficiency tested with 5% NaCl (i) and DOP
aerosols (ii). (n =9-14 for a(i) and 17-29 for a(ii), mean + SD). (b and c) Particle size-dependent filtration efficiency of wet | x 3 (b) and wet Iyaci X
39, tested with 5% NaCl aerosols (i filtration efficiency of fabrics and ii: zoomed-in filtration efficiency of the fabrics). (n =7-29 for b and 6-29 for
¢, mean =+ SD). (d) Breathability of wet | x 3 and Iyaci X 39 (n = 9-14, mean + SD). Fabrics sprayed with water were labeled Water, mper. With
“number” indicating the water amount sprayed (0, 1, 6, 12 mg cm2). (e) The optical microscope images of wet fabrics. Characterization of Iyaci x
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stacked SB fabrics (e.g., Lsaie X 3/3-ply mask or Iy, x 3/M x 1/1
x 1) would offer the combined benefits of conventional masks
(e.g., high filtration efficiency across all particle sizes due to the
presence of MB middle layer) and those of salt-coated fabrics
(e.g., rapid pathogen inactivation, reusability, and no concerns
over contact transmission).

2.4 Filter performance of three-layered salt-coated SB fabrics
in wet conditions

One concern regarding the use of salt coatings is their stability
in humid environments. To assess the impact of wetness on
filter performance, both I x 3 and Inac1 X 39 were exposed to
varying amounts of water spray (1, 6, and 12 mg H,0/cm?). The
level of wetness was modulated by measuring the weight of the
filter before and after water spray. As shown in Fig. 4a(i), the
overall filtration efficiency of I x 3 fabrics decreased with
increasing amount of water sprayed (one-way ANOVA, P =
0.0044). This observation suggests that bare SB PP fabric(s) may
be less efficient in capturing infectious particles transported by
aqueous mediums (i.e., aerosols, droplets, and splashes) in wet
conditions, consistent with prior findings.* In contrast, for salt-
coated fabrics (Inaci X 3¢), the mean filtration efficiency
appeared to increase with greater wetting (one-way ANOVA, P =
0.0047). When tested with DOP aerosols, wetting did not
adversely impact the overall filtration efficiency of both bare
and salt-coated fabrics (Fig. 4a(ii)).

Particle-size dependent filtration efficiency was further
characterized for I x 3 and wet In,c1 X 3o under various wetting
conditions. For I x 3 fabrics, filtration efficiency against 5%
NacCl aerosols exhibited a biphasic behavior, initially decreasing
followed by a gradual increase with particle size (Fig. 4b). For
aerosols <0.3 um, filtration efficiency appeared to decrease as
wetness increases (GLM, P < 0.0001). Conversely, the stack of
salt-coated SB fabrics (i.e., Inac1 X 39) showed a rapid increase in
the filtration efficiency against NaCl aerosols as wetness
increases (at size >0.3 um; GLM, P > 0.0001) (Fig. 4c). This
indicates that salt-coated fabrics can effectively capture larger
infectious contaminants. In comparison to NaCl aerosols, no
biphasic behavior of particle-size dependent filtration efficiency
was observed for DOP aerosols (see Fig. S4at). Although filtra-
tion efficiency increased rapidly with DOP aerosol size, the
stacked SB fabrics without salt coating did not exhibit a signif-
icant effect of wetness on capturing efficiency (Fig. S4af).
However, similar to the tests with NaCl aerosols (Fig. 4c), higher
filtration efficiency was detected for the salt-coated SB fabric
stack (i.e., Inac1 X 39¢) against DOP aerosols (see Fig. 4c for NaCl
aerosols and Fig. S4bt for DOP aerosols). This implies that salt-
coated filters may effectively capture large particles regardless of
their charge characteristics under wet conditions. It is also
worth noting that wetting of the salt-coated SB fabrics increases
the pressure drop (GLM, P < 0.0001, Fig. 4d). This effect could be
attributed to the hydrophilicity of salts, facilitating the

View Article Online
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formation of a water film around fibers upon wetting (refer to
Fig. 4e for optical microscope images before and after spraying
sulforhodamine B solution onto Inac X 3¢ fabrics). Therefore,
under wet conditions, salt-coated fabrics yield two conflicting
results: the positive effect of effectively capturing relatively large
aerosols and the negative effect of reducing breathability.
However, the pressure drop results of wet Inac1 X 39 (9-18 Pa
cm?) are still within the standard values mentioned in Table
S1.%

The filtration efficiency behavior of I x 3 and In,q X 3 as
a cover and an outer was also analyzed, as shown in Fig. S5.1 No
wetness-dependent filtration efficiency behavior was observed
under any testing conditions, including 3-ply mask, I x 3/3-ply
mask, Inac1 X 30/3-ply mask, I x 3/M x 1/I x 1, and Inac1 X 3o/M
x 1/ x 1 (Fig. S5at). Besides, their particle size-dependent
filtration efficiency showed similar values across all different
particle sizes (Fig. S5b—d¥). This is because the MB middle layer
has a high filtration efficiency (Fig. S1at), which minimizes the
impact of the other layers on overall filtration efficiency.

2.5 Filter performance of N95 respirator-only and when
combined with I x 3 and Iy, X 39 as a cover

After evaluating the use of salt-coated SB fabrics as a cover and
an outer layer for the 3-ply mask, their applicability to N95
respirators was assessed using Inac1 X 3. For the breathability
analysis of N95 respirators, it's important to note that differ-
ential pressure values are not normalized by surface area, unlike
surgical masks (Pa cm™?). Therefore, for N95 respirators, the
pressure is measured in Pa without surface area adjustment.**¢
As illustrated in Fig. 5a, an increase in pressure drop was
observed when Iy, X 39 was used as a cover: inhalation (N95:
102 + 5 Pa, I x 3/N95: 124 + 6 Pa, and Iy, X 3o/N95: 138 + 5
Pa) and exhalation (N95: 114 4 4 Pa, I x 3/N95: 123 + 6 Pa, and
Inact X 30/N95: 139 + 4 Pa). As noted in Fig. 1d and 2c,
employing stacked SB fabrics w/ and w/o salt coating over N95
respirator may result in a slight reduction in breathability.
However, according to the NIOSH 42CFR84 standard, the
differential pressure should not exceed 343 Pa for inhalation
and 245 Pa for exhalation airflow. The observed pressure
increase when applying stacked SB fabrics to N95 respirators
remains within the acceptable range. In terms of particle
capturing capacity, all conditions achieved remarkably high
filtration efficiency, surpassing 98% (Fig. 5b). This high filtra-
tion efficiency was further supported by particle size-dependent
filtration efficiency tests, where all values were above 98%
(Fig. 5c¢). Similar to the 3-ply mask, a slightly lower filtration
efficiency for small DOP particles (0.3 um) was followed by
arapid increase with an increase in particle size (refer to Fig. 3c
for the 3-ply mask and Fig. 5¢c(ii) for the N95 respirator).

In this work, we observed that a stack of salt-coated SB
fabrics exhibited notably high particle-capturing efficiency for
aerosols larger than 0.3 pm compared to a single layer of SB

3q fabrics after spraying DI water for the measurement of effects of wetness on filtration efficiency. Sulforhodamine B was used to visualize the
wetness of fabrics in the images; however, for filtration efficiency and breathability tests, DI water was used. (i—iv) Different amount of DI water
was sprayed: (i) 0 mg cm™2, (i) 1 mg cm2, (i) 6 mg cm~2 and (iv) 12 mg cm™2. For all panels: ns, P > 0.05; * P < 0.05 and **** P < 0.0001 by GLM.
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fabric as the outermost layer of the mask. Filtration efficiency
correspondingly increased with particle size. This dual func-
tionality of the salt-coated stacked SB fabric layer—antimicro-
bial action against pathogens and enhanced particle capture—
while effectively managing breathability, significantly contrib-
utes to disease transmission prevention.

These findings suggest that stacked salt-coated SB fabrics
could effectively replace the outermost layer in existing mask
structures, capturing more infectious particles at the surface and
neutralizing them with the salt coating. This approach could
prolong the mask's performance by reducing contamination
burdens on the MB filter within the mask structure over time.
Similarly, the antimicrobial and filtering properties of stacked
salt-coated SB fabrics make them suitable as covers for masks or
N95 respirators. They act as a pre-screening layer, filtering
contaminants and minimizing contamination of the mask or
respirator underneath, thus extending their useable lifespan.

The primary challenge in implementing antimicrobial masks
using salt-coated fabric lies in the antimicrobial mechanism,
which relies on the physical destruction caused by growing salt
crystals during the water evaporation process. Consequently, in

© 2024 The Author(s). Published by the Royal Society of Chemistry

environments with slow water evaporation rates, such as high
humidity conditions, pathogen destruction may be hindered due
to delayed salt crystallization. Therefore, there is a pressing need
for systematic research to investigate alterations in antimicrobial
efficacy and mask performance across different environmental
conditions. This research is crucial for developing application-
specific designs for antimicrobial face masks based on salt-
coated antimicrobial technology.

3. Conclusions

In this study, we conducted performance tests on various mask
structures utilizing salt-coated SB fabric. Our experiments
encompassed testing mask performance with three different
salt types (NaCl, KCl, and K,SO,) and varying coated salt
amounts (5, 9, and 13 mg cm™?), including assessments under
wet conditions. Specifically, we evaluated the efficacy of layering
multiple salt-coated SB fabrics to potentially replace the single
SB fabric typically used as the outermost layer of a mask, or to
serve as a cover for existing masks or N95 respirators. Our
findings demonstrate that a stack of salt-coated SB fabrics can
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maintain a high level of filtration efficiency and breathability
when employed as the outermost layer of a mask or as a cover
for a mask or respirator. Notably, the MB filter of the mask
effectively compensates for lower filtration efficiency for aero-
sols smaller than 0.3 um, while achieving high filtration effi-
ciency for aerosol particles larger than 0.3 pm as the number of
SB fabrics stacked increases. Compared to a typical mask
structure with a single SB fabric as the outermost layer, a stack
of salt-coated SB fabrics captures more particles, thus reducing
contamination of the MB filter and extending its lifespan. While
further resilience testing and stability verification under diverse
environmental conditions are essential, our study underscores
the potential of salt coating technology in developing feasible
antimicrobial face masks or mask coverings.

4. Experimental
4.1 Preparation of salt-coated fabrics

The preparation of salt-coated spunbond (SB) polypropylene (PP)
fabric samples was executed following method detailed in
previous studies.?” The process began with the collection of inner
SB layers from surgical masks (Fisherbrand Facemasks; Fisher
Scientific, Pittsburgh, PA). For the salt coating, NaCl, KCl, and
K,SO, were selected based on their toxicity and solubility.” Saline
solutions were prepared with deionized (DI) water, filtered
through a 0.22 pm pore-size filter (Corning, Tewksbury, MA), to
achieve saturated concentrations specific to each salt: 29.03 w/
v% for NacCl, 26.31 w/v% for KCl, and 9.72 w/v% for K,SO,. The
different solubilities of these salts resulted in varying amounts of
salt deposition on the fabric, thereby limiting the maximum
possible coating. Following this, the inner SB fabric layers were
immersed in these saline solutions. The fabrics were gently
scrubbed to ensure the elimination of any trapped air bubbles,
facilitating an even coating. The volume of saline solution
absorbed by the fabrics was adjusted by applying vacuum pres-
sure. Fabrics coated with 5 mg cm ™2 of K,SO,, 9 mg cm ™2 of KCl,
and 13 mg cm > of NaCl were produced by applying a vacuum (5
inHg). Similarly, a vacuum of 8 inHg was applied to achieve 9 mg
cm 2 of NaCl coating, and 15 inHg was used to obtain 5 mg cm >
of KCl and NaCl. The fabrics were then dried overnight in an
incubator (Thermolyne 42000; Dubuque, IA), and the coated
fabrics were screened by measuring their weights before and
after the coating process. For comparison purpose, SB PP fabrics
coated only with Tween 20 (T20) were also prepared by soaking
the inner fabrics in DI water containing 1 v/v% T20. The SB fabric
was gently scrubbed to release any trapped bubbles and vac-
uumed at 5 inHg, followed by overnight drying.

The obtained fabrics were labeled as Fabriccoating X #amount-
In the notation, Fabric specifies the type of PP fabric (inner SB
layer (I), middle meltblown (MB) layer (M), or outer SB layer (O));
“Coating” indicates the type of coating material (T20, NaCl, KCl,
or K,S0,); “#” represents the number of stacked SB PP fabrics
(1, 2, 3, 4, or 5); and “Amount” denotes the quantity of salt
coating (5, 9, or 13 mg cm ™). Bare fabrics are labeled as “Fabric
x #”, where “#” is the number of stacked fabrics. The symbol “/”
is used to show the arrangement of filter layers, with “A/B”
meaning layer A is placed above layer B.
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4.2 Wetness test

To analyze the effect of wetness on filter performance, I x 3 and
Laie X 3 was sprayed with DI water using a sprayer (Uline, Mil-
ton, ON). The amount of sprayed water on the fabric was
regulated by weighing the masks before and after spraying with
an Explorer Pro balance (Ohaus; Parsippany, NJ). This was fol-
lowed by calculating the water content per surface area (1, 6,
and 12 mg cm ™ ?). The wet filters were then immediately tested
for filtration efficiency according to the NIOSH 42CFR84 stan-
dard and for breathability following the ASTM F2100-19el
standards, using the PMFT 1000 (PALAS; Karlsruhe, Germany).

To visually observe the wetness-dependent morphological
changes in fabrics, a solution of 1 mM sulforhodamine B (SRB;
Sigma-Aldrich) in DI water was sprayed onto salt-coated fabrics.
The amount of SRB applied was varied, similar to the above
tests, by modulating the volume of the solution sprayed, which
was determined by weighing the fabrics before and after
spraying. Following this application, the fabrics were charac-
terized through imaging with an optical microscope (Omax
G223A-CA; Kent, WA).

4.3 Filtration efficiency and breathability tests

Filtration efficiency and breathability tests of N95 respirators
(3 M; Saint Paul, MN) and surgical masks (Fisherbrand Face-
masks; Fisher Scientific, Pittsburgh, PA) were performed using
the PMFT 1000 (PALAS; Karlsruhe, Germany). The NIOSH
42CFR84 standard, certified by the National Institute for
Occupational Safety and Health (NIOSH), was employed for
measuring the filtration efficiency of all mask conditions and
the breathability of N95 respirators. The NIOSH 42CFR84
filtration efficiency standard necessitates the use of 0.3 um
polydisperse aerosols of 5% NaCl and dioctyl phthalate (DOP) at
an airflow rate of 85 L min~'.>* Masks tested must achieve
a minimum efficiency of 95%, 99%, and 99.97% for N95, N99,
and N100 respirators, respectively. The NIOSH 42CFR84
breathability standard specifies a maximum resistance of =311
Pa at 85 L min~" for inhalation airflow and =249 Pa at 85
L min "' for exhalation airflow.** Filtration efficiency was
calculated by comparing the particle size distribution before
and after penetration through the filter, recorded by the Promo
LED 2300 (PALAS; Karlsruhe, Germany).

The ASTM F2100-19¢1 standards, developed by ASTM Inter-
national, were utilized for measuring the breathability of surgical
masks.*® This test method classifies surgical/medical masks into
Level I, Level II, and Level III, where the maximum differential
pressure allowed for Level I masks must be <50 Pa cm ™2, and that
for both Level II and III masks =60 Pa cm 2. The standard
specifies the use of an 8 L min ™" airflow through 4.9 cm? filters,
which corresponds to testing a full mask at 163 L min~*.*® The
measured differential pressure (Pa) was normalized to the stan-
dard surface area to calculate the pressure (Pa cm™2).

4.4 Statistical analysis

Statistical tests, including the ¢-test, one-way ANOVA and
General Linear Model, were conducted using SPSS version 29

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(IBM, Armonk, NY, USA). A P value below 0.05 was deemed
significant for significance assessments.
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All data generated or analyzed during this study are included in
this published article (and its ESIY).
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