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ABSTRACT: Airborne transmission of SARS-CoV-2 plays a critical role in
spreading COVID-19. To protect public health, we designed and fabricated
electrospun nanofibrous air filters that hold promise for applications in personal
protective equipment (PPE) and the indoor environment. Due to ultrafine
nanofibers (~300 nm), the electrospun air filters had a much smaller pore size in
comparison to the surgical mask and cloth masks (a couple of micrometers versus
tens to hundreds of micrometers). A coronavirus strain served as a SARS-CoV-2
surrogate and was used to generate aerosols for filtration efliciency tests, which can

better represent SARS-CoV-2 in comparison to other agents used for aerosol i g
generation in previous studies. The electrospun air filters showed excellent virvt
: : : né
performance by capturing up to 99.9% of coronavirus aerosols, which Cﬂm oS
outperformed many commercial face masks. In addition, we observed that the AV s

same electrospun air filter or face mask removed NaCl aerosols equivalently or less

effectively in comparison to the coronavirus aerosols when both aerosols were

generated from the same system. Our work paves a new avenue for advancing air filtration by developing electrospun nanofibrous air
filters for controlling SARS-CoV-2 airborne transmission.

B INTRODUCTION produces filters with long-lasting retained charges that can

Airborne transmission of SARS-CoV-2 has been recognized." significantly promote aerosol capture through electrostatic

.14
Virus-laden aerosols (<5 um) can be suspended in the air for a attraction.”” Electrospun nanofibrous membranes have shown

long duration, accumulate in a closed environment, remain excellent performance for removing aerosols generated from
infectious,” and thus be involved in the short- and long-range polystyrene beads, NaCl, and bacteria.' ™"

transmission of airborne diseases. One accepted strategy to To date, many studies have evaluated the filtration efficiency
control SARS-CoV-2 airborne transmission is to wear face of air filters and face masks by using surrogate aerosols instead
masks and respirators. However, cloth masks do not always of coronavirus aerosols."”"*~>' However, it remains elusive
have satisfactory aerosol removal efficiency, droplet repulsion, whether the reported filtration performance can be used for
and/or breathability.4 SARS-CoV-2 in the indoor environment coronavirus control because of property differences (e.g,, size,
can also potentially spread through heating, ventilation, and air density, surface charge, morphology, and chemical composi-
conditioning (HVAC) systems.” However, most HVAC air tion) between the surrogates and the coronavirus. Moreover,
filters used in residential, commercie;l, and industrial buildings electrospun air filters for the capture of viral aerosols have not
do not capture airborne viruses.” Nanotechnology holds yet been reported. Murine hepatitis virus AS9 (MHV-AS9), a

promise for developing effective, scalable, and affordable air
filters for both mask/respirator and HVAC system applica-
tions.

Electrospinning is an emerging technology to synthesize
nonwoven nanofibrous membranes that are ideal for air
filtration.”~"" Electrospun air filters have a reduced pore size
(submicrometers to several micrometers) in comparison to Received: May 3, 2021
conventional filters and thus enable the effective capture of Accepted:  May 10, 2021
small airborne particles.'” The large porosity of electrospun air Published: May 17, 2021
filters also reduces the air pressure drop or increases
breathability.13 More importantly, electrospinning is operated
under a strong electric field (ie, 1-5 kV cm™), and it

p-coronavirus with a diameter of ~85 nm”* and in the same
family as SARS-CoV-2, was selected for aerosol filtration. For
the first time, we used coronavirus aerosols to challenge air
filters and face masks and to evaluate their efficiency, and we
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Figure 1. (a) Geometric parameters of tested filter materials and SEM of (b) PVDF;, (c) surgical mask middle layer, (d) cotton mask middle
layer, and (e) neck gaiter. The pore size here is the mean pore size measured by gas—liquid porometry. The error represents the standard deviation
of the mean pore size measurements from triplicate samples for each filter. The largest and smallest pore sizes of the tested filter materials are

included in Table S1.

developed electrospun nanofibrous air filters with a reduced
pore size that can capture viral aerosols effectively.

B MATERIALS AND METHODS

Fabrication of Electrospun Air Filters. We used a
customized system™ to electrospin 15 wt % polyvinylidene
fluoride (PVDF, Arkema KYNAR 761) in N,N-dimethylfor-
mamide/acetone (7/3, v/v) onto a layer of polypropylene
fabrics (PP, VWR 414004-680). The feeding rate of the
working solution, electric field, and electrospinning duration
were set at 0.6 mL h™', 1 kV ecm™), and 20 or 30 min,
respectively. The fabricated electrospun air filters were
designated as PVDF,; and PVDF;, respectively. To promote
virus removal efficiency by electrostatic attraction, a positively
or negatively charged polyelectrolyte, i.e., poly(ethylenimine)
(PEI) or poly(vinylphosphonic acid) (PVPA),”* was coated
onto PVDF,, via soaking and drying, and the fabricated filters
were denoted as PVDF,,/PEI and PVDF,,/PVPA, respec-
tively.

Characterization of Electrospun Air Filters and Face
Masks. A three-layer nonwoven surgical mask, a three-layer
woven cotton mask, and a one-layer woven polyester neck
gaiter were selected as representative commercial face masks.
The fiber diameter of the electrospun air filters and the face
masks were determined by scanning electron microscopy
(SEM, FEI Teneo LV). The PEI or PVPA coating was
characterized by attenuated total reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR, iS10 Nicolet Thermo). The
mean flow pore size, largest pore size, and smallest pore size
were examined by a gas liquid porometry method (POROLUX
100/200/500, shape factor of 0.715, APTCO Technologies
LLC, Belgium). The pressure drop was determined with a face
velocity of 5.3 cm s~

Determination of Filtration Efficiency for Coronavirus
and NaCl Aerosols. NaCl solution (0.1 M) and MHV-AS9 in
phosphate-buffered saline (PBS, ~10° gene copies mL™") were
used for aerosolization and filtration tests. MHV-AS9 was
cultured in HeLa-mCCla cells,” purified by centrifugal
ultrafiltration (Nanosep, 300 kDa, Pall Laboratory), and
diluted in PBS. Only for the aerosol size characterization
were aerosols generated from PBS containing 100 nm
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polystyrene and 100 nm silica nanoparticles (00876-15,
Polysciences; SISN100-25M, nanoComposix) to simulate
MHV-AS9 aerosols, owing to a similar particle/virion size
and concentration as well as representative hydrophobicity of
the nanoparticles.

The filtration efficiency was evaluated by a customized
aerosolization setup (CH Technologies, Inc; Figure S1).
Specifically, the aerosols were generated by a high-output
Blaustein atomizer (BLAM) with four jets, and a high-rate air
flow (~1.5 L min~") sheared the liquid flow (15 mL h™") of
the NaCl or MHV-AS9 solution into aerosols. A single-pass
atomization was applied to minimize virus damage during
aerosolization. A portion of the aerosols with a controlled flow
rate of 0.5 standard liter (tidal volume) per minute next passed
through a fitted, 11.0 cm? air filter/face mask mounted on a
stainless-steel holder and an impinger sequentially, and each
filtration test (i.e., filter-on) was conducted for 30 min. The
size distribution of aerosols that traveled to the filter holder
before filtration was recorded by a Palas Promo 2000
instrument (detection limit of 200 nm to 10 ym) and reported
as the number frequency. NaCl or MHV-AS9 aerosols that
penetrated through the filter/mask were retained by the
impinger filled with ultrapure water or PBS (4 mL),
respectively. Control experiments (i.e., filter-off) were
conducted to quantify the NaCl or MHV-AS9 aerosols
collected in the impinger without an installed air filter/face
mask. Each filter-on and filter-off experiment was conducted at
least in duplicate, and the filtration efficiency, including mean,
maximum, and minimum values, was calculated from the
difference of the amount of the testing agent (NaCl or MHV-
AS9) in the impinger between filter-off and filter-on experi-
ments over the amount of the testing agent in the impinger in
the filter-off experiment (Text S1). PBS instead of water was
used to suspend MHV-AS9 because it simulated coronavirus
aerosol generation under physiological conditions,”®*” and
solution matrices did not affect the aerosol filtration efliciency
(Text S2).

NaCl and MHV-AS9 were quantified by ion chromatog-
raphy (Dionex ICS-1100) and a reverse transcription-
quantitative polymerase chain reaction (RT-qPCR), respec-
tively. Viral RNA was extracted by the Zymo Quick-RNA Viral
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Figure 2. Aerosol filtration efficiency of electrospun air filters and commercial face masks. Aerosols generated from a coronavirus (MHV-AS9) and
NaCl were used for tests. Red and blue diamonds represent the average filtration efficiency of MHV-AS9 aerosols by the electrospun air filters and
the commercial face masks, respectively. Gray pentagons represent the average filtration efficiency of NaCl aerosols. Red, blue, and gray bars
represent maximum and minimum values of the filtration efficiency in replicates.

Kit (R1035), and RT-qPCR was conducted using the TagMan
Fast Virus 1-Step Master Mix kit (Thermo Fisher Scientific
Inc, 4444432). The primers, probe, and standard were
designed on the basis of the literature.”® Details of RT-qPCR
quantification are included in Text S3.

Statistical Analysis. Student’s ¢ test was applied for the
statistical comparison of the nanofiber diameter, pore size, and
filtration efficiency of different air filters and face masks, which
returned a p value. All p values <0.05 were considered
statistically significant.

B RESULTS AND DISCUSSION

Electrospun Air Filters Had Small Fiber Diameters
and Pore Sizes. Electrospun PVDF air filters had much
smaller fiber diameters and pore sizes in comparison to the
commercial face masks (Figure 1 and Figure S2). The fiber
diameters of PVDF,, PVDF;, PVDF,,/PEl, and PVDF,,/
PVPA were in the range 0.2—1.3 um. In comparison to
PVDEF,,, PVDEF;, showed a similar fiber diameter and pore size
(both p > 0.05), but its increased thickness induced a slightly
higher pressure drop (0.23 =+ 0.00 versus 0.20 + 0.00 inches of
water column (inch wc)). FTIR characterization indicated the
successful coating of PEI or PVPA onto the electrospun PVDF
air filters (Figure S2). The fiber diameter of PVDF,,/PEI and
PVDF,,/PVPA did not change in comparison with PVDF,,
(both p > 0.05). However, PEI and PVPA were observed to
block pores in air filters. For PVDF,,/PVPA, its pores were
partially blocked (Figure S3b), leading to a smaller pore size in
comparison to PVDF,, (p = 0.006). For PVDF,,/PE], some
pores, especially the small ones, were completely blocked
(Figure S3c), but the mean pore size was comparable with that
of PVDF,, (p = 0.27). Both PVDF,/PEI and PVDF,,/PVPA
showed increased pressure drops of 1.19 + 0.59 and 0.38 +
0.04 inch wg, respectively, in comparison to PVDEF,,.

Among the three commercial face masks, the middle layer of
the surgical mask, which is the effective filtration medium,
showed the smallest fiber diameter of 5.7 + 2.8 ym, while the
neck gaiter showed the largest fiber diameter of 12.0 + 1.0 pm.
A larger fiber diameter corresponded to a larger pore size: all of
the electrospun filters had a mean pore size <2.7 ym, all of the
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commercial masks had a mean pore size >17.5 um, and the
largest mean pore size of 102.1 + 4.4 um was observed for the
neck gaiter. The positive correlation between the filter fiber
diameter and the pore size agreed with previous studies.”” The
filters with a larger fiber diameter and pore size showed a lower
filtration efficiency for airborne particles.’® Therefore, we
expect that electrospun air filters would outperform the
commercial face masks for removing airborne coronavirus
particles. Due to a large pore size, the surgical mask, cotton
mask, and neck gaiter had low pressure drops of 0.06 + 0.01,
0.06 + 0.01, and 0.01 + 0.00 inch wc, respectively, and a
negligible increase in the pressure drop was observed after
filtration.

All the electrospun filters had an average filtration efficiency
of >95.7%, while the commercial face masks showed an
average filtration efficiency of 44.9% for the neck gaiter, 73.3%
for the cotton mask, and 98.2% for the surgical mask,
respectively (Figure 2). The aerosol removal efficiency indeed
increased with the decrease in the mask pore size.””*° An
increase in the electrospinning duration and thickness of the
air filters enhanced coronavirus aerosol removal (99.9% and
99.1% for PVDF;, and PVDF,,, respectively), though there
was a marginal decrease in the pore size of PVDF;, in
comparison to PVDF,, A polyelectrolyte coating did not
promote electrospun air filters for removing coronavirus
aerosols, and the average filtration efficiencies for PVDF,,/
PEI and PVDF,;/PVPA were 99.1% and 95.7%, respectively.
We speculate that coronavirus aerosol capture was dominated
by interception, impaction, and diffusion, instead of the long-
range force of electrostatic attraction, since the sizes of the
aerosols and electrospun filter pores are close. The fact that the
PVPA coating reduced the aerosol removal efficiency may
indicate that coronavirus aerosols are negatively charged under
the experimental conditions, and electrostatic repulsion might
play a role in filtration. The PP fabrics for supporting the
electrospun membrane removed a very limited amount of
aerosols (0—30%), suggesting that the electrospun layer
determined the performance of virus capture (Text S4). In
comparison to the commercial face masks, the electrospun
filters showed better reproducibility in measured filtration
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efficiency, likely due to a more uniform pore size distribution
(Table S1) and enhanced filtration performance.

To the best of our knowledge, our study is the first to
evaluate the filtration efficiency of air filters/face masks by
using coronavirus aerosols rather than surrogates. Bacterioph-
ages have been used as the surrogates,”””" and a study revealed
that the surgical mask removed 98.3—100% of MS2 aerosols.”’
However, MS2 is a nonenveloped virus with an average size of
27 nm, which is very different from SARS-CoV-2 with an
envelope structure and a virion size of $50—200 nm.’' In
addition, that study only tested the filtration of aerosols of
several micrometers (2.6 and 6.0 um).>’ Aerosols with a size of
100—500 nm are the most penetrating for mechanical
filters,>** but filtration of viral aerosols with those sizes has
not yet been studied. Inorganics have also been used as the
surrogates, and filtration efficiencies of ~88% and ~63% were
reported for removing 125 nm silica aerosols and 178 nm NaCl
aerosols for the surgical mask, respectively.”** However, these
inorganic aerosols are even more different from the
coronavirus aerosols in comparison to the bacteriophage
aerosols. The MHV-AS9 aerosols used in our study can best
represent SARS-CoV-2 aerosols in filtration efficiency
evaluation. Moreover, the size distribution of simulated
MHV-AS9 aerosols, generated from polystyrene and silica
nanoparticles in PBS, highlighted that the most dominant
aerosol size was 490—520 nm and 62—72% of the aerosols
were <486 nm (Figure S4). The result indicated that the
electrospun air filters could remove the most penetrating
aerosols effectively.

Filtration Efficiency of NaCl Aerosols Is Equivalent to
or Lower than That of Coronavirus Aerosols. The
filtration efficiency of removing coronavirus and NaCl aerosols
was compared for electrospun air filters and commercial face
masks (Figure 2). For PVDF,, PVDF,, PVDF,,/PVPA,
cotton mask, and neck gaiter, using MHV-AS9 or NaCl
aerosols did not lead to a significant difference in the filtration
efficiency (all p > 0.05). The filtration efficiency of NaCl
aerosols for PVDF,/PEI and the surgical mask was
significantly lower than that of MHV-AS9 aerosols (p =
0.0008 and 0.04). The most dominant NaCl aerosol size was
420—450 nm, which was close to that of simulated MHV-AS59
aerosols (490—520 nm). Some larger aerosol particles of 600
nm to 2 ym were observed in the NaCl aerosols but not for the
simulated MHV-AS9 aerosols (Figure S4). Larger aerosols
beyond the most penetrating sizes are expected to be more
easily removed in air filtration; surprisingly, our study observed
that the filtration efficiency for NaCl aerosols was always
statistically lower than or equal to that of coronavirus aerosols,
which requires further investigation. Therefore, for the same
tested air filter or face mask, NaCl aerosols were filtered
equivalently or less effectively in comparison to coronavirus
aerosols in our system, when the same aerosol generation
system and the same operational conditions were applied.
Since tests with pathogenic viral aerosols require high biosafety
levels, NaCl aerosols are more easily handled for filtration tests
and they are always used as a surrogate.”*>™>" However,
special attention should be paid to interpreting our results,
because both NaCl and coronavirus aerosols may contain
aerosol particles smaller than 200 nm, which could not be
quantified by the Palas Promo 2000 instrument. In addition,
both NaCl and coronavirus aerosols produced in our setup had
a broad size range from hundreds of nanometers to a couple of
micrometers, but the aerosol filtration efficiency should be
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compared for both aerosols with a narrow size range to
evaluate the surrogate validity. Moreover, how the charge and
size of coronavirus aerosols, the charge of filters, and other
experimental conditions (e.g., flow rate of aerosols) affect the
filtration efficiency of NaCl and coronavirus aerosols is
unknown. Therefore, future work should explore these items
to understand whether NaCl aerosols can act as a valid
surrogate for coronavirus aerosols in filtration tests.

B IMPLICATION

Our study is the first to demonstrate that electrospun air filters
hold promise for providing efficient protection against airborne
coronavirus particles. Cloth masks have been the most
commonly used during the COVID-19 pandemic,”® but our
study alon% with previous research revealed their low filtration
efficiency.””** Therefore, wearing a surgical mask or other
masks with an equal or a higher filtration efficiency should be
encouraged. However, at the beginning of the pandemic, the
mask/respirator shortage called for an urgent need to advance
PPE. Meanwhile, it is highly desirable to develop innovative
and efficient air filters for HVAC systems that can prevent the
long-range transmission of coronavirus aerosols. Electro-
spinning is an economically feasible and industrially viable
technology to fabricate highly efficient air filters,>”*® and our
study underscores its great potential for controlling the spread
of coronavirus aerosols. With technology advancement and
market growth, electrospun air filters will be highly competitive
in comparison to meltblown masks/respirators and conven-
tional HVAC air filters. More attractively, small-scale electro-
spinning apparatuses can provide a rapid response to the
pandemic and produce highly tailorable filters with the desired
performance for individuals and small communities.""** By
integration with additive manufacturing,* it is easy to design
and fabricate customized masks, respirators, and HVAC air
filters on the basis of the onsite needs.
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