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ABSTRACT: Shortage of face masks is a current critical concern
since the emergence of coronavirus-2 or SARS-CoV-2 (COVID-19).
In this work, we compared the melt-blown (MB) filter, which is
commonly used for the N95 face mask, with nanofiber (NF) filter,
which is gradually used as an effective mask filter, to evaluate their
reusability. Extensive characterizations were performed repeatedly to
evaluate some performance parameters, which include filtration
efficiency, airflow rate, and surface and morphological properties,
after two types of cleaning treatments. In the first cleaning type,
samples were dipped in 75% ethanol for a predetermined duration.
In the second cleaning type, 75% ethanol was sprayed on samples. It
was found that filtration efficiency of MB filter was significantly
dropped after treatment with ethanol, while the NF filter exhibited
consistent high filtration efficiency regardless of cleaning types. In addition, the NF filter showed better cytocompatibility than the
MB filter, demonstrating its harmlessness on the human body. Regardless of ethanol treatments, surfaces of both filter types
maintained hydrophobicity, which can sufficiently prevent wetting by moisture and saliva splash to prohibit not only pathogen
transmission but also bacterial growth inside. On the basis of these comparative evaluations, the wider use of the NF filter for face
mask applications is highly recommended, and it can be reused multiple times with robust filtration efficiency. It would be greatly
helpful to solve the current shortage issue of face masks and significantly improve safety for front line fighters against coronavirus
disease.
KEYWORDS: coronavirus, face mask, nanofiber filter, melt blown filter, reusability, cell study, filtering efficiency

■ INTRODUCTION

Since the emergence of the new type of coronavirus (COVID-
19 hereafter), the number of infected persons is increasing
exponentially. According to the World Health Organization
(WHO), 6 663 304 cases of COVID-19 have been reported as
of June 6, 2020.1 There are limited data on clinical
characteristics of COVID-19; some of the researchers claimed
a 4.3% mortality rate while others claimed less.2,3 Some of the
major symptoms and parameters have been reported to
investigate the presence of COVID-19 in a patient.4 Since
the first infection reported in early December 2019, there have
been extensive studies about the origin, symptoms, trend of
infection, the transmission of infection from person to person,
possible preparation of vaccine (which has not yet prepared
successfully by any of the researchers), and precautionary
measures.5−14 Some researchers claimed that coronavirus can
be inactivated by heat using the N95 face mask, which is
known to be one of best face masks but is limited to one-time
use only.8

Personal protective equipment (PPE) became a hot issue
since the emergence of COVID-19 pandemic. Because there is

no possible vaccine at this time, PPE is a major concern in
fighting against this pandemic. Even higher authorities and
institutions including WHO are concerned about the shortage
of face masks, suggesting the public use of cloth masks even if
medical masks are not available in markets. China is a major
producer of face masks with almost 50% contribution in global
face masks consumption.15 However, it is clear that COVID-19
has badly affected the production and supply of face masks
throughout the world. Countries having the capacity of
producing face masks are also suffering from a shortage of
face masks. These countries include developed nations like the
European Union, U.S.A, Japan, and the U.K. N95 is one of the
best available filters so far, but it is limited to single-use only. It
was reported that COVID-19 can survive for a week on the
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outer surface of the face mask. That makes it complementary
to proper treatment before reuse or even for disposal of face
masks. However, current studies have been done to sterilize
N95 filter-based face masks using UV light.16 In general, the
N95 filter is produced by a melt-blown (MB) process. Studies
also show that common fabrics may have filtering efficiency of
80−95% depending on fabric structures.17−19

It was reported about the investigation on the effect of
nanotreatment (treatment by nanofunctional materials such as
nanoparticles) on the N95 and surgical masks subjected to
thermophysiological responses and discomfort.20 They re-
ported that subjects wearing nanotreated surgical masks have
significantly lower heart rates. The outer surface temperature
of the nanotreated surgical masks was higher than that of the
N95 masks. However, microenvironment and skin temper-
atures were lower in the nanotreated surgical masks.
Furthermore, N95 masks reported having significantly higher
absolute humidity inside the mask surface. All nanotreated
surgical masks were reported to have a significantly lower
perception of heat, humidity, and overall discomfort.20 There
was a study on the protective performance of N95 and surgical
face masks. They reported that N95 masks had significantly
lower air permeability and water vapor permeability than
surgical masks. In vivo test revealed that N95 masks can filter
out 97% of the foreign bodies, while surgical masks can be as
good as up to 95%. Nanotreated surgical masks can provide
additional protective functions in stopping capillary diffusion
and antibacterial activities.21 The study was basically
conducted to investigate N95 protection against the airborne
viruses versus surgical masks.22 They reported that N95
filtering masks may not provide the expected protection level
against significantly small particles but are much more efficient
than the surgical masks against the infection causing agents in
the range of 10−80 nm. There was a survey on the risks
involved in causing headaches due to wearing N95
respirators.23 They reported that higher humidity levels, breath
resistance, and accumulation of heat inside the microclimate of
the masks result in headaches. Thus, they suggested shorter
duration of mask wearing can significantly reduce the severity
of the headaches. A survey was also conducted on the
protection level of the surgical masks versus N95 masks for
preventing influenza among the health care workers.24 They

reported that N95 masks were not better in protection against
influenza than the surgical masks.
Electrospun nanofibers have a wide range of applications in

healthcare,25−31,30 environmental engineering,31,32 and energy
storage sectors.33 Currently, nanofibers are being produced in
bulk quantity in some countries including Korea, Japan, the
U.S.A, and European countries. Nanofibers are the best
replacement for microfibers and thin films due to their distinct
features including the higher surface area which can be
functionalized for desired the property, uniform morphology,
consistency in structural properties, and simple technique to
fabricate nanofibrous mats. Thus, nanofiber filters are gradually
used for mask applications in the world. In the present work,
we performed a comparative study on the performance
properties of MB (N95) and nanofiber-based air filter masks
for evaluation on reusability after cleaning (spraying and
dipping) using 75% ethanol by determinations of air
permeability, surface area, porosity, morphological properties,
and filter performance (Figure 1).

■ RESULTS AND DISCUSSION

Physicochemical Study. FTIR spectra of the MB and NF
filters are shown in Figure 2. The FTIR spectrum of the MB
filter confirms the polypropylene composition of the MB filter,
and the peak at 2922 cm−1 represented the CH2 group
vibration in main PP polymer chain. The spectrum also
showed four peaks in the wavelength range of 3000−2800
cm−1; the peaks at 2955 and 2873 cm−1 can be attributed to
CH3 asymmetric and symmetric stretching vibrations, while
the peaks at 2922 and 2843 cm−1 were due to CH2 symmetric
and asymmetric vibrations, respectively.34 The intense peaks at
1478 and 1360 cm−1 were caused by the CH2 scissor vibrations
or CH3 symmetric and asymmetric deformation vibrations. PP
FTIR spectrum showed characteristic fingerprint peaks in the
region of 1200−750 cm−1. These peaks can be attributed to
C−C as symmetric stretching, CH3 asymmetric rocking, and
C−H wagging vibrations and CH2 rocking vibrations.34,35 In
the spectra of the NF filter, the FTIR spectrum of spun bond
PET side showed an intense peak 1704 cm−1 which is a
characteristic of CO symmetric stretching, and also the
stretching can be seen at 1257 cm−1. The moderate C−H
stretching can be seen at 2947 cm−1. A very weak peak at 3437

Figure 1. Schematic diagram on spraying and dipping treatments of face mask filters using 75% ethanol for evaluation of reusability.

ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.0c01562
ACS Appl. Nano Mater. 2020, 3, 7231−7241

7232

https://pubs.acs.org/doi/10.1021/acsanm.0c01562?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c01562?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c01562?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c01562?fig=fig1&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c01562?ref=pdf


cm−1 was attributed to the −OH group bonded to CO. The
peak at 983 cm−1 can be attributed to the out of plane bending
of the −OH group in PET chains. The peaks observed at
1250−950 cm−1 are assigned to C−C stretching and C−H in
plane bending in the PET polymer chain.36 The peaks at 1431
cm−1 can be attributed to C−H deformation in the PVDF
polymer chain.37 The peak at 869 cm−1 was attributed to α
crystal of the PVDF.38 The peak at 1177 cm−1 was attributed
to the C−F stretching.39

Evaluation of Filter Performance. To evaluate reus-
ability of MB and NF face mask filters, we used two types of
cleaning procedures including 75% ethanol spraying up to 10
cycles (1 cycle is 3 times press of sprayer) and dipping in 75%
ethanol. All possible parameters were considered for
comparative characterizing the performance of MB and NF
filters before and after cleaning with ethanol. First, air
permeability (air flow rate) of both filters was measured
(Figure 3a). It was observed that air permeability (in cfm unit)
of MB filter was recorded ∼27.2 cfm as an average value before
ethanol treatment. However, there was not a significant
difference noted after ethanol treatment regardless of cleaning
types. In the case of the NF filter, air permeability was about

Figure 2. FTIR-ATR spectra of MB filter and NF filter (both sides;
nanofiber and spun bond sides). FTIR spectra confirm the
polypropylene composition of the MB filter, while they confirm
PET and PVDF composition in the NF filter.

Figure 3. (a) Air permeability and (b) pressure drop for MB and NF face mask filters before and after spraying and dipping treatments using 75%
ethanol.
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17.0 cfm before cleaning but slightly decreased after ethanol
treatment. Because the PVDF-based NF filter in this work was
supported by spun-bond polyethylene terephthalate (PET), it
may be one of the possibilities that when the NF filter was
treated with ethanol, PET could be depolymerized to
diethylene or monoethylene. While 100% depolymerization
of PET is only possible in supercritical conditions, partial
depolymerization is possible.40,41 Thus, partial depolymeriza-
tion of PET might make NF filter flatter rather than round,
decreasing pore size through changing of the morphology of
spun-bond PET. Thus, it can be concluded MB filter does not
have a significant effect on air permeation by ethanol
treatment; however, the NF filter exhibited slightly lower air
permeability after ethanol treatment.
Next, the pressure drop was investigated to analyze inhaling/

exhaling difficulties which are dependent on porous structure,

morphology, and construction of each filter. It was observed
that the pressure drop for the MB case was lower than the NF
filter (Figure 3b). In the case of the MB filter, there was no
significant pressure drop when treated with ethanol. However,
while the pressure drop of the NF filter was increased when
treated with ethanol, it was within limits of safe use.42 Because
PET is not stable in ethanol, its partial depolymerization might
lead the NF filter to resist more air, simultaneously making it a
little nonuniform. However, at this stage of the study, nothing
can be claimed. It needs to be investigated further for a
possible mechanism of increased pressure drop in the case of
ethanol-treated PET.
Breathing comfort is also dependent on rate of moisture

transportation through the filter. Breathability test was
performed to evaluate WVTR (Figure 5b). It was observed
that WVTR of NF filter was superior to that of MB filter.

Figure 4. Filtration efficiency of MB and NF face mask filers according to (a) cycle numbers in spraying treatment and (b) time of dipping
treatment. The values and error bars represent the mean ± standard deviations of at least three samples with statistical significance from Student’s
unpaired t test (***p < 0.005).

Figure 5. (a) Observation of static charge on the surfaces of MB and NF face mask filters and (b) water vapor transport rate of MB and NF filters.
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There might be two possible reasons. First, because MB filter
has sponge-like structure which resists moisture, it will take
longer time to pass through the filter. However, the NF filter
has finer structure, uniform morphology, and uniform pore
diameter which allow the water vapors to be passed through
the filter more efficiently. Second, pressure drop and efficiency
tests where NaCl particles were used were done according to
ASTM standard, but in the case of WVTR, there was no salt
present in water. Because NaCl particle size is larger than pore
diameter of NF filters, the pressure drop was recorded higher
in the case of the NF filter. However, water vapor has a smaller
particle size which can easily pass through both filters. It was
also reflected in results of efficiency test that NF filter exhibited
consistent efficiency due to uniform pore structure while MB
filter’s efficiency dropped as a result of ethanol treatment.
Concluding performance properties, pressure drop and air
permeability were found to be better in the case of MB filter;
however breathability results were the opposite. Thus, pressure
drop is not a direct indication of breathing comfort or
discomfort. As for pressure drop measurement, NaCl particles
are used which have larger particle size as compared to that of
air, so pressure drop cannot be basis of breathability. WVTR
results also confirmed that breathing performance of both
types of filters was sufficient for practical use.
Filtration efficiency is one of the major concerns when it

comes to face mask performance criteria. Thus, the filtration
efficiency test was also performed to investigate the validity of
reuse (Figure 4). We found that the filtration efficiency of MB
filter significantly dropped to ∼84% and ∼62% after ethanol
spraying with 1 cycle and 10 cycles, respectively (Figure 4a).
Similar to spraying treatment, filtration efficiency of MB filter
dropped to ∼82% after 5 min and ∼65% after 24 h ethanol
dipping (Figure 4b). Thus, the significant reduction of
filtration efficiency of MB filter after ethanol cleaning can
lead to a clear conclusion that MB filter which is being used in
high rated face masks such as N95 is the best available option
for single-use only but is not capable of being reused for face
mask applications. Note that we observed disappearing of static
surface charge of MB filter after ethanol treatment (Figure 5a).
This disappearing of static charge is one of the possible reasons
that the filtration efficiency of the MB filter was decreased
when treated with ethanol. Actually, it was already known that
the filtration efficiency of the MB filter is somehow dependent
on the static charge on its surface.43 We also confirmed that
the original NF filter does not have any static charge on its
surface. Importantly, the filtration efficiency of the NF filter
had a consistent value of around 98% regardless of ethanol
treatment type (Figure 4). The maintenance of the filtration
efficiency of NF filter might be explained from its filtration
mechanism using particle size difference without using static
charge.
In addition, we observed that MB filters took more time

(about 3 h) to be fully dried, while NF filters were dried
quickly within 10 min (data not shown). Considering the
recent pandemic, drying time will also be an important factor
because some studies reported that MB filter-based N95 mask
gives a favorable environment to viruses and bacteria due to its
moisture-loving nature.22

Besides air permeation and pressure drop, mask filters
should possess breathing comfort features for wearers. Thus,
transmissions of air, moisture, and carbon dioxide (CO2) were
evaluated using an infrared thermal camera. It was clearly
observed that the NF filter exhibited superior breathing

comfort with good thermal behavior to MB filter (Figure 6a).
NF filter possesses uniform morphology having fine pore

diameter (50−100 nm) which is larger than the particle size of
air (∼4 nm) but smaller than foreign matters including bacteria
and viruses (i.e., the particle size of coronavirus is in the range
of 80−160 nm).44 Uniform pore diameter distribution of the
NF filter can be one of the possible reasons for good breathing
comfort as well as higher and consistent filtration efficiency. In
the case of MB filter, diameter distribution was wider due to its
nonuniform morphology that can be a possible reason for
thermal discomfort and a barrier in the transmission of CO2
and foreign matters as well. Figure 6b shows CO2 emission
mechanism of both types of filters. It can be observed that the
MB filter exhibited poor emission as compared to that of NF
filter. It can be due to sponge-like structure, higher thickness,
and nonuniform pore diameter of MB filter. NF filter is
generally thinner and more uniform which allows CO2
molecules to pass through quickly.

Evaluation on the Surface and Morphological
Property Changes. Morphological property changes of
both filter types were examined before and after treatment
with 75% ethanol (both spraying and dipping treatments).
First, through SEM analyses, it was confirmed that there was
no significant change in morphology of the NF filter regardless
of ethanol treatment (Figure 7a). NF filter had a uniform
morphology without any beads formation during the electro-
spinning process. The diameter range for all nanofibrous
samples was found to be uniform with a narrow diameter
distribution. It was interesting to observe that there were no
morphological changes of nanofibers even after 24 h dipping
time and 10 cycle spraying. In the case of MB filter,
nonuniform morphology was clearly observed with a wide
range of diameters (Figure 7a). Diameters of MB fibers were
found to be from submicrometer to tens of micrometers. Also,
there were no alignments in fibers. However, the MB filter was

Figure 6. Evaluation of breathing comfort by infrared thermal camera:
(a) air and moisture transmission and (b) CO2 transmission.
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also found to be morphological consistent when treated with
ethanol. Magnified SEM images with clear scale bar can be
viewed in Supporting Information (Figure S1).
Next, surface area change was analyzed after ethanol

treatment. As expected, the MB filter exhibited much lower

surface area (average of 0.588 m2g−1), while it was increased
according to treatment time (Figure 7b); the MB filter with
ethanol treatment for 24 h presented a 3-fold higher surface
area than the nontreated sample. The same phenomena were
also observed for the NF filter. Its high surface area (average of

Figure 7. (a) SEM images, (b) surface area, and (c) porosity of MB and NF face mask filters before and after spraying and dipping treatments.
SEM images were taken at a magnification of 1000 for MB filter and 10 000 for NF filter. The lengths of scale bars are 10 μm for MB filter and 1
μm for NF filter.

Figure 8. (a) Images of water droplets on contacted surfaces and (b) calculated contact angles of MB and NF face mask filters before and after
spraying and dipping treatments. The values and error bars represent the mean ± standard deviations of at least five samples with statistical
significance from unpaired t test (***p < 0.005).
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12.529 m2 g−1) was also increased with increasing treatment
time. In the case of MB filter, surface area might increase due
to shrinkage of individual fibers on exposure to ethanol (but it
was not clearly observed in SEM images; it might be too less to
be observed). In the case of the NF filter, the depolymerization
of the thinning spun-bond PET layer can be a reason for the
increasing trend of surface area. Because this was not the main
objective of this study, we do not claim any possible reactions
in this work.
Porosities of both types of filters were calculated before and

after both types of treatments (Figure 7c). The MB filter
exhibited higher porosity (as visually its looked like a sponge)
than the NF filter. It was also observed that the porosity of
both types of filters displayed an increasing trend with
increasing treatment time. Porosities of these filters were also
reflected in the results of air permeability and pressure drop.
Hydrophilic or the hydrophobic nature of the filter surface

also plays an important role in providing favorable or
unfavorable environments to different types of bacteria and
viruses.21 Moisture retaining property is also dependent on the
hydrophilic nature of the substrate. Thus, water contact angles
of both filters were determined before and after ethanol
treatments (Figure 8). It was observed that water contact
angles of both filter types were recorded above 90°, indicating
that both filters are hydrophobic in nature. In particular, the
NF surface had a much larger water contact angle above 150°,
which can be considered as a superhydrophobic surface.
However, there was a slight increase in the water contact angle
of MB filter when treated with ethanol, and it might be due to
decreased static surface charge. The water contact angle for the
NF filter was slightly decreased after treatment with ethanol
due to possible degradation of ester linkages in PET as
described in the porosity measurement. Importantly, in any
treatment condition, both filters are still in the range of
hydrophobicity (>90°).40 Thus, it was considered that the
mechanical and chemical properties of both filter materials
were not significantly changed by ethanol treatment. The face
mask should prevent wetting by moisture and saliva splash to
prohibit not only pathogen transmission but also bacterial
growth inside.45,46

Evaluation of Antibacterial Efficiency of Ethanol
Treatment. Because ethanol plays an antibiotic role in
contaminated microorganisms,47 antibacterial efficiencies of
ethanol treatment process on filters were evaluated. Bacterial
cells spread on the filter surface were treated with 75% ethanol
and cultured in liquid medium for 12 h. As a result, we found
that optical densities of cultured both filters were dramatically
decreased when filters were treated with ethanol spraying or
dipping process (Figure 9). In particular, spraying with 1 cycle
(3 times press) or dipping for 5 min was enough for complete
suppression of bacterial growth on both filter types. Thus, it
was concluded that simple ethanol treatments are sufficient for
an antibacterial effect on both MB and NF filter types.
Evaluation of Filter Cytocompatibility. Human kerati-

nocyte HaCaT and endothelial HUVEC cells were selected to
consider possible exposure of face mask filter material to face
skin and respiratory system.48,49 As a result, both filter types
did not have cytotoxicity to HaCaT cells under all given
conditions (Figure 10a). However, in the case of the MB filter,
the viability of HUVEC cells was significantly decreased with
over 1.5% (w/v) filter extract concentration. According to ISO
10993-5, the relative cell viability above 80% is discriminated
to be not cytotoxic at the condition, while the viability within

80−60% is weak, 60−40% is moderate, and 40−0% is strong
cytotoxic.50 Notably, the NF filter did not have cytotoxicity for
both human cell types. These results were also confirmed
through live/dead fluorescence microscopic analyses (Figure
10b). Thus, it was concluded that both filters will be harmless
to face skin contact while the MB filter might have some
toxicity to vascular cells. These might be because the growth
condition of the vascular endothelium is more demanding than
that of skin keratinocyte.

■ CONCLUSIONS
Considering several filter performance parameters, the
reusability of the face mask is the need of the hour. Especially,
due to the shortage of face masks around the globe in COVID-
19 pandemic, it is highly desired to find a way to reuse face
mask with minimum chances of risk. Here, we performed a
comparative evaluation on the reusability of two types of face
mask filters using simple ethanol cleaning method including
spraying and dipping. The MB filter exhibited better air
permeability (as twice as that of NF filter) before and after
treatment by ethanol, and it can be associated with higher
porosity of MB filter which was recorded as high as ∼96%. NF
filter had lower porosity (≲80%), and this can also be directly
associated with a pressure drop which was higher (up to 183
Pa) before and after treatment with ethanol. Because of good
air permeability, pressure drop, and morphological properties
regardless of ethanol treatment, both filter types qualify for the
basic criteria of face mask application. However, considering
the filtration efficiency aspect, while the MB filter will be
effective for single use only due to its prompt reduction to
∼64% by ethanol cleaning, the NF filter might be valid for
multiple reuses due to its very consistent (∼97−99%)
efficiency. In addition, the NF filter did not show cytotoxicity
to the tested human cells. Thus, by considering all the
comparative evaluations, it can be concluded that while both
MB and NF filters have similar filtration performance for
single-use applications, the MB filter cannot be reused as its
filtration efficiency drops drastically and the NF filter can be

Figure 9. Sterilization efficiency of bacterial cells-loaded MB and NF
face mask filters before and after spraying and dipping treatments.
The samples were incubated in LB media at 37 °C for 12 h, and the
remaining cells were quantified by measuring optical density. The
values and error bars represent the mean ± standard deviations of at
least six samples with statistical significance from unpaired t test
(***p < 0.005).
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successfully reused multiple times after simple cleaning with
ethanol.

■ METHODS
Material Selection and Cleaning Procedures. Melt blown

polypropylene (PP) is often used as filter for face masks. However,
polyvinylidene difluoride (PVDF) (electrospun or melt blown) is not
commonly used as a filter of mask. We selected PVDF as nanofibrous
filter for face mask because of its smoother morphology, uniform pore
structure, and good bonding ability with spun bond PET. Although
other polymers (PAN, PVA, etc.) can also be used as electrospun
nanofibers for filter applications, every polymer has its limitations.
Polypropylene (PP) based MB filter (in N95 face mask) was
purchased from the market and electrospun polyvinylidene difluoride
(PVDF) based NF filter supported by spun bond polyethylene
terephthalate (PET) was provided from Lemon Corporation (Gumi,
Korea). Composition (w/w) of NF filter was as follows; PET/PVDF
= 98:2. MB and NF-based nonwoven filters were cleaned with two
types of treatments: spraying of 75% ethanol with 1−10 cycles (1
cycle is 3 times press) and dipping in 75% ethanol for 5 min to 24 h
(Figure 1). All samples were air-dried prior to characterization. Then,
performance parameters including air permeability, pressure drop,
filtration efficiency, and surface and morphological properties were
comparatively evaluated.
Characterization of Performance Parameters. The filter

samples were characterized by scanning electron microscope (SEM;
JSM-5300; JEOL Ltd., Japan) to observe the potential change in their
structural morphology. Surface area analysis was performed using
Brunauer−Emmett−Teller (BET; Tristar II 3020; Shimadzu, Japan).
Air permeability analysis was performed using Lab Air IV (FX3300;

area, 38 cm2 at 125 Pa; TextTest Instruments, Switzerland) to
measure airflow rates of the filters. Filtration efficiency analysis was
also performed using an automatic filter scanner (AFS153; aerosol,
DEHS at 0.3 mm; area, 100 cm2 at 32LPM; Topas GmbH, Germany)
for estimation of reuse time. Differential pressure drop was also
investigated using AFS153 (area, 100 cm2 at 32LPM). An air flow of
32 L/min was opted for air permeability and pressure drop tests,
which is standard air flow rate for normal human breathing. Breathing
comfort and thermal behavior of wearing face masks were evaluated
using an infrared thermal camera (Fotric 226; FOTRIC, China).
Breathability test was performed using upright cup method (A-2).
Samples were prepared following ASTM E 96.51 Water vapor
transport rate (also used as moisture vapor transport rate MVTR)
WVTR was calculated for each specimen.

For measuring porosity, filter mats were cut into 4 × 4 cm2 of a
rectangle shape and subsequently weighed. The filter thickness was
measured using a digital thickness gauge at five different places and
averaged for further calculations. The apparent volume (Va) was
measured using the dimensions of the previously cut filter mat. The
volume (Vg) was determined by the density of the PET (1.38 g cm−3),
PP (0.94 g cm−3), and PVDF (1.78 g cm−3) and their weight ratio in
the respective specimen. Porosity was calculated using the following
equation:

= − ×
V

V
porosity % 1 100

g

a (1)

For determining the water contact angle, the filter samples were cut
into 2 × 7 cm2 of a rectangle shape. Fully air-dried filters were placed
on a microscope slide, and 3 μL of distilled water was dropped on the
filter surface through a 23 gauge blunt needle tip. The photograph of

Figure 10. Cytocompatibility of MB and NF face mask filters before and after spraying and dipping treatments: (a) relative cell viability of HaCaT
and HUVEC cells by CCK-8 assay and (b) live/dead fluorescent cell images at 72 h culture. The length of each scale bar is 100 μm. Blank medium
and 5% DMSO were used as negative control (NC) and positive control, respectively. The values and error bars represent the mean ± standard
deviations of at least five samples with statistical significance from unpaired t test (***p < 0.005).
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each water droplet on the filter was acquired and analyzed by
Smartdrop (Femtobiomed, Korea). The average of the left and right
angles was taken as the water contact angle.
Antibacterial Activity Analyses. Bacterial dispersion solution

was prepared by culturing Escherichia coli cells in a liquid medium of
20 g/L Luria−Bertani (LB) broth (Sigma-Aldrich, USA) at 37 °C.
The solution was transferred to a spray bottle when its optical density
at 600 nm (OD600) reached ∼1 and sprayed onto filters by pressing 3
times. After ethanol treatment and sufficient air drying, the filters were
cut into 1 × 1 cm2 of a rectangle shape and soaked in 0.5 mL of LB
medium at 48-well cell culture plates. After 12 h culturing at 37 °C,
the OD600 of each medium was measured to configure the survival of
the bacterial cells in the filters.
Cytocompatibility Analyses. Human keratinocyte (HaCaT)

cells and human umbilical vein endothelial (HUVEC; Lonza, Swiss)
cells were used for evaluation of cytocompatibility of MB and NF
filters. Dulbecco’s modified Eagle’s medium (DMEM; HyClone) was
used for HaCaT cell culture, and EGM-2 BulletKit (Lonza) was used
for HUVEC cell culture. Each filter extract was prepared by
incubating the filter in the cell culture medium at 37 °C for 24 h
according to ISO 10993-5.50 Precultured cells were seeded in 96-well
cell culture plate (SPL Life Science, Korea) to a density of 1 × 104 per
each well with 100 μL of medium and cultured in a humid incubator
with 5% CO2 at 37 °C. After 24 h, the medium was exchanged with
the same amount of medium containing filter extract of 0.5, 1.5, and
3.0% (w/v) and further cultured for 24, 48, and 72 h. Black medium
and 5% (v/v) dimethyl sulfoxide (DMSO) were compared as negative
and positive controls, respectively. Cell viability was quantitatively
determined using the cell counting kit-8 assay (CCK-8; Dojindo,
Japan). To visualize cytocompatibility, the cells after 72 h culture were
dyed by LIVE/DEAD viability/cytotoxicity kit (Thermo Fisher
Scientific, USA). After a 30 min reaction with light-blocking, the
sample was observed by a fluorescence microscope (BX60; Olympus,
Japan). Calcein-acetoxymethyl ester penetrating into the cytosol of
live cells exhibits green light, while ethidium homodimer emits red
light penetrating into the nucleus of dead cells. The image was
acquired and merged by iSolution (IMT i-Solution Inc., Korea).
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