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ABSTRACT: The global COVID-19 pandemic has changed man
aspects of daily lives. Wearing personal protective equi
especially respirators (face masks), has become common f
the public and medical professionals, proving toeéve in
preventing spread of the virus. Nevertheless, a detailed
standing of respiratoltration-layer internal structures and th
physical corgurations is lacking. Here, we report three-dimen=
sional (3D) internal analysis of N9%ration layers via X—ray.
tomography. Using deep learning methods, we uncover how
distribution and diameters dfers within these layers directly
a ect contaminant particlération. The average porosity of the
Iter layers is found to be 89.1%. Contaminants are more
e ciently captured by densdrer regions, withbers <1.8 m in diameter being particularleetive, presumably because of
the stronger electrield gradient on smaller diameteers. This study provides critical information for further development of
N95-type respirators that combine highiency with good breathability.

KEYWORDS:COVID-19, N95 respirator, particle distribution, face mask, deep learning, X-ray tomography

he zoonotic severe acute respiratory syndrome corortite combined academic, government, and commercial science
virus 2 (SARS-CoV-2) that causes COVID-19 has led toommunity has focused major researatt en uncovering
a global pandemic, raising sigamit societal challenges essential details of SARS-CoV-2 and COVID-19 in addition to
worldwide in healthcare, economics, education, and goveeeking vaccines and improved medical treatments.
nance, all as wealth disparities worsen. Many countries hav&tudies show that virus-containing aerosols can linger in the
adopted moderate to drastic measures to prevent rapid sprédidfor many hours and travel more than 6 td'@ihus, as
of the virus by mandating periods of quarantine, socidne pandemic developed, the importance of personal protective
distancing, wearing of respirators, and recommendirg§luipment (PPE) increased, fueling worldwide demand for
improved general hygiene including frequent hand washif$95 respirators, whichter out at least 95% of particles
Despite such erts, thousands of new cases are diagnosedfound 0.3 m in diameter (particle size with maximiter
worldwide each day, with rapid increases recorded whenegnetration, i.e., the transition from impaction-based capture
lockdown orders are eased and schools and face-to-figdli usion-based capture). Equivalents of the United States
businesses reopen. N95 designation include FFP2_, P2, PFF2,_ KF94, KN95, and
Human coronavirus (HCoV) infection can cause respiratorg>/PL2 in the European Union, Australia/New Zealand,
diseases, with two major outbreaks in the recent past: sevBf@Zil: South Korea, China, and Japan, respectivéy, al

acute respiratory syndrome coronavirus (SARS-CoV) a gast 94% or 95% of particles. Given the short supply of N95

Middle East respiratory syndrome coronavirus (MERsl_Cov)(esplrators, disinfection methods for mask reuse as well as

SARS-CoV-2 has similarities to the other HCoVs in siz&|lémnative mask types have been actively studlietbst
structure, and chemical properties, yet ségrti portions of countries mandate the wearing of respirators in public spaces.

this virus along with COVID-19 disease itself are poorly
understood, including critical details of transmission ranggeceived: October 22, 2020
periods of contagiousness, and mechanisms of iffedton. Revised: November 25, 2020
new symptoms and post-recovery conditions evolve, the

Centers for Disease Control and Prevention (CDC) and the

World Health Organization (WHO) have updated symptom

lists to inform the public. In this dynamic and urgent situation,
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Protection of rst responders and medical professionals igespirators, the key component for providing Higition
understandably emphasized, as is, to varying degreesciency, is usually made of polypropylene polyinees,
safeguarding teachers and workers with high risk from repeatgdtch are shown in the SEMFafure b.
or prolonged exposure to large numbers of people. We measured the 3D structure of the meltblown
The e cacy of N95 respirators is usually measured bgolypropylenelter fabric layer of N95 respirators by XRM
overall ltration e ciency for a d@ed incident ow of (Carl Zeiss X-ray Microscopy Inc., Xradia Versa 520 and 810
particles carried by a stream of air forced throughrtten Microscopes). A functional schematic of XRM is shown in
layers while the pressureedentials are measured. Nonethe- Figure €. XRM nondestructively images a wide range of
less, neither the internal structures of these layers nor theaterials with varying degrees of densities, inclisdifig
particle penetration and capture mechanisms have been wedlterials,such as polymers, which are typically damaged by
studied. In this study, we used X-ray microscopy (XRM) telectron-beam irradiation during acquisition of scanning-
nondestructively visualize, analyze, and understand the thrggctron micrographs; therefore, the materials often require
dimensional internal cayurations and adhesion of particles aqditional sample processing such as surface coatings or must
to polymer bers inside N95 respirators. Such analysis ige imaged using a low-temperature process. In contrast, XRM,
critical to assess theeetiveness of these respirators, whichip particular, X-ray computed tomography (XCT), provides
were not originally studied and designed for protection frojetajled geometrical and relative density information from a
HCoV viruses, including SARS-CoV-2. dali intelligence  yolume measurement of the samples without damaging or
(A.l.), specically deep learning (DL), was used t0 segmenktering the internal structures. Multiple projection images are

and analyze 3D data sets obtained by XRM e®®ly  he pasis of 3D structural images reconstructed after drift
evaluate the large volume of data, consisting of over a thous%ﬁﬁction.
li

slices for each sample. We investigated key physical features gfjixe medical CT, materials-research-based XCT generally
N95 respirators, quantifying large data sets for porbeity,  4cquires data as the sample stage rotates as shigwreit.
distribution, and _ particle _d_|str|but|on_ in multlp_I(_e samplegNe used two XRM systems: the Xradia 520 (micro-XRM or
prepared by varying quantities of particle deposition. micro-CT) o ers a relatively largeld of view with pixel size

Wearing respirators is one of the mostt/e ways 10 ot 5507 m; the Xradia a 810 (nano-XRM or nano-CT)

protect people_ from patho_gen—rel_ated d|sea_ses |nc|u_d| fovides high-resolution imaging with spatial resolution down
COVID-19. Typical commercial respirators consist of multipl 50 nm, similar to synchrotron X-ray spatial resolution.

layers to accommodate both godigation e ciency and . ; :

reasonable breathability, as shoviAigimre & (SARS-CoV-2 Flg:;euiés gn ?z(ggg arg/ng;m?gfh:; apeé\lﬁtlriﬁg d b

image: by courtesy of the CDC/Alissa Eckert, MSMI, and Da y . . y
MReconstructor (Carl Zeiss X-ray Microscopy Inc.).

Higgins, MAMS). The meltblowniter fabric in such Reconstructed X-ray images were processed by deep learning
algorithms as summarizedHyure &.
Deep learning (DL), a technique inspired by the human
‘»K‘M nervous system and structurally mimicking the humaftbrain,
a '/A\_,_gﬁ_,/‘ was used in this study to identify features in the tomography
-'_‘-"2?; ) images obtained from XRM. DL is a subset of machine
/‘7 learning, which is a setd of articial intelligenceFjgure
a ianad S13. DL is particularly important when traditional machine
learning fails to scale“inig dat& applicationsKigure S1))
Z therefore, it is utilized in many everyday applications including

Z
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1
Meltblown Filter Layer

Sample . . h .

o B V] Google Translate, photo sorting in smart phones, medical
xeray . ; imaging, self-driving cars, and face and speech rectignition.
Source ﬁ Detector We exploit DIs demonstrated image-recognitionagy by

implementing it via U-net convolutional neural networks for
<> Rotation X Y

the structural analysis of N9&r fabric. U-net convolutional
neural networks are one of the popular DL architectures for
image processing. Originally developed for bioimaging
applications, the U-net network is a vergiemt image-

Deep Learning Slpt segmentation method that requires very few training
images?® '° Image segmentation is the process of assigning
image data components to sets of groups, also called classes,
that have common propertiétl-net architecture has proven

to be very appropriate for our 3D X-ray image segmentation:
each pixel can be separately ctabsather than assigning the
entire output to a single class.

) o ) ] ) DL is particularly helpful to resolve adjacent features from
Figure 1.(a) Schematic images of wearing a respirator against SAF?ﬁaterials with low Z-contrast (similar atomic number): relative
CoV-2 and multilayer of N95 respirators, (b) an SEM image of N9 o carbon and oxygen that comprise the polyhees, the

Iter fabric layer, (c) a sim@d illustration of the X-ray microscope s . . .
(XRM), (d) an example of a 3D X-ray image of N5 fabric layer contaminating NaCl particles used in this study have only

obtained by XRM, and (e) data process of 3D X-ray data sets Moderate Z-contrast. Quantitative analysis of the sample was
analyzed by deep learning techniques with input/output imagespecially challenging as many particles are near or less than
examples. the resolution limit of the XRM. With DL training, the models

3
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Figure 2(a) Reconstructed XRM image of N8Br fabric layer. (b,c) Deep-learning-assisted image segmention of X-ray slices captured from 3D
XCT images; the yellow color indicates segmented pabereand the black background is empty space. (d,e) 3D perspective vieltes of the

fabric layer; the gray image on the left is the reconstructed 3D X-ray tomographic image, and the yellow one on the right is a segmented 3D i
from deep learning models. Each grid box ist80100 m in size. (f) Porosity of single N95 meltbloiter fabric as a function of depth into

the layer. (g) Statistical distributionstdr diameters of meltblown polypropyldregs within Iters of N95 respirators measured from SEM.

distinguished key features and, with repeated training, enabledious viewing angles. The left (gray) results are reconstructed
extraction of quantitative details from large data sets. X-ray images and the right (yellow) ones are DL-segmented
Initially, reconstructed X-ray tomographic images werienages. A 3D video of DL-processed propylkenéayer is in
processed by several deep-learning models, with U-Nébvie 1
architecture being ultimately selected because it provides th&l95 respirators consist of multiple layers to optimize
best feature recognition for our data sets. Training data werkration e ciency and breathability; the kdiyation layer
collected through manual segmentation in representative looglbally has meltblown polypropyleers that are low cost,
areas at various locations throughout the data set. Training veaemically robust, and readily scaled to high-volume
continued iteratively using an Adadelta optimization algorithmmanufacturin. *° The typical meltblown layer thickness
while monitoring model performance. Up to the point at whiclused in commercially available N95 respirators is about 200
the model showed good agreement with the original data set®0 m. The average layer thickness studied here isn345
iterative training and model maddition continued. After with porosity of the meltblown fabric of 78%.8% as shown
training, all segmented image slices were visually inspedted-igure 2 Though most manufacturers use two or more
before quantitative analysis was performed. layers of meltblownlter fabric inside N95 respirators, we
Figure 2 shows the reconstructed image, Witjlee B,c studied a single layer of ther fabric to analyze one layer
shows the DL-processed 2D images obtained from 3D X-ralaracteristics and understand ttration mechanism. The
tomography. As training continues, the DL model recognizebers, characterized by SEM and XRM, were found to be
the ber features more accuratelyure @,e and-igure S2a randomly distributed in the meltbloviter fabric, as shown in
d display 3D X-ray images of tHeer fabric layers from Figure b,d andFigure #,e. A randomized network is
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Figure 3.Images of NaCl particle-decorated meltbldien fabric: (a) reconstructed X-ray tomographic volume, (b) deep-learning-assisted
segmented particles only, (c) deep-learning-assisted segmented particles overlaid on reconstructed X-ray tomographic image, and (d)
learning-assisted segmented particles on deep-learning-assisted segméeted féuricolor in (b), (c), and (d) indicates NaCl particles. (e)
Poroigy of thelter fabric and (f) areal occupanciesbefs and NaCl particles vs depth into the meltblown layer. NaCl mass loading was 1.02
mg/cnt.

favorable for ective Itration compared with aligned or In addition to the loading-dependent concentration gradient
regular structures that could include facile channeling  of contaminants across the depth of ltee layer, the second
through paths for droplets or aerosols. The distributionfactor that signcantly aects contaminant particle concen-
weighted averagbker diameter measured from SEM images igration distribution is uniformity ober distribution. While
4.2+ 3.9 m, as seen iRigure . the meltblown fabric has (pseudo-) random networks, there
Sodium chloride (NacCl) particle-decorated N95 meltblowrexists in-plane and out-of-plane nonuniformity throughout the
fabric was tested forltration e ciency and internal depth, resulting in contaminant distribution variations as dense
contaminant capture morphology and mechartgmre areas catch particles moreiently. The red curveshigure
3a d shows NaCl particle-decorated fabric morphologgf andFigure S4b,djridicate the areal occupancy of thers
acquired by micro-XRM and the segmented results obtainad a function of depth into the fabric layer; the black curves
by DL models. A 3D video of DL-processed NaCl particleindicate the particle areal densities. (An aerial occupancy of
decorated polypropylenker layer is irMovie 2 The count 100% corresponds to no voids betwéers or particles at a
median diameter of NaCl particles used in this studytis 75 given depth into theter; the total area analyzed was 130 cm
20 nm, which is similar to virus particle sizes. The mass loadioigfabric.)Figure BandFigure S4b,dshow that the trend of
of NaCl particles in the sample was 1.02 nig/blat the particle occupancy (black curves) follows that obéne
surprisinglyrigure Jeveals that particles accumulate more ordensity (red curves). In other words, more particles can be
the outer surface, upon which they aseincident, than on  captured in denserber areas. Also, it is likely that
the innermost surface, closest to the ieéaee. The overall nonuniformity may be caused by dendritic particle accumu-
porosity of the NaCl particle-decoratker layer is reduced lation, i.e., particl&giling ug on those previously captured. In
to the range of 75.29.8% (average: 87.3%) from its valueaddition, particle buildup at a given depth iseinced by the
prior to particle deposition of 789.8% (average: 89.1%). preceding ber density along the partitlpaths, creating
NaCl particle loading uniformity was also characterized ascamplex dynamics that mage each particéedeposition
function of depth into theltration layer for three mass- location.

loading conditions: 0.17, 0.51, and 1.02 nfd/émure S4(a- Filtration e ciency tests used the Automated Filter Tester
f). 8130A (TSI, Inc.) with 85 L/minow rate and NaCl solution
D https://dx.doi.org/10.1021/acs.nanolett.0c04230
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Figure 4.(a,b) High-resolution nano-XRM images of seumed with NaCl particles adhered show more captured particles per unit length as

ber diameter decreases. (c) An SEM image of polypropylene meltblown fabric with adherent NaCl particles. (d)i€iltnatipagh of the
meltblown fabric as a function of the deposited mass density of NaCl particles. (e) Dependence of measured particle captiner aremper unit
on ber diameter.

(2 wt % in water) to generate aerosol particles. Therovide the greatestitration eect. Interestingly, NacCl
experimental coguration leads to the complete evaporationparticles accumulate more on the thinnlests (observed
of water from each aerosol droplet before it reaches ttmonsistently by both SEM and XRM). The XRM images of
respirator, such that solid NaCl particles with dn2@Gedian several isolateders inFigure 4,b and SEM imagehigure
diameter are incident on the material being tested. Eaclt clearly demonstrate this phenomenon: DL-assisted analysis
sample was cut to approximately 1% df cm. This process, of 3D XRM tomographic images shows that et persists
including use of NaCl particles, is the standard testing protodbroughout the thickness of tHeration layer. Quantation
for N95 respirators for ceation and assessment by GDC of captured particle area pber areakigure €, shows that
National Institute for Occupational Safety and Health bers <1.8 m in diameter are signantly more eective at
(NIOSH). The loading-and-eiency test was done using a particle capture than largdrers. This may stem from the
single meltblown fabriclter layer, even though N95 magnitude of the electrield gradient associated with the
respirators usually include two or more layers depending static charge, which is generated by the corona discharge
the manufacturer and intended application(s). The addition@rocess step, utilized by most manufacturers to increase
layers are often made of elent materials that provide particle capture eiency. The better the capturecincy,
moisture-repellency, preventing transmission of large droplperticularly if it is associated with smiadlr diameters, the
and aerosols. better breathability can be for a given ovela#ition
Dependence of the particle captureiency on total e ciency. Further aspects of the corona discharge mechanism
particle loading was investigated to understand ¢tneney are explained in previous studies; the mechanistic details of
changes duringltration. Figure d reveals that meltblown particle capture as a function bér type and diameter are
layer particle capture @ency starts at close to the expectedunder active investigatidh®*
92.6% but decreases to a minimumr7df3% at 0.183 mg/ In summary, we used X-ray microscopy to shed light on the
cn? of loading; this may result from the decay or neutralizatioBD microstructure and morphology of N95 respirktation
of electrostatic charge initially present on Itee layer. As  layers, and to understand the adhesion distribution of
NaCl particle loading proceeds further, captumercy contaminant particles to polymbers. This analysis will aid
increases, reaching9.5% at loading 00.60 mg/cr likely evaluations of the eacy of respirators against a variety of
because the accumulated particles start to block voids betweentaminants, including SARS-CoV-2. Deep-learning algo-
bers. While bettertration e ciency is desirable, blocking rithms were proven to be essential to segment and analyze a
Iter voids hampers air permeability, directly related to uséarge number of 3D tomography data sets through trained
breathability. The balance and tradefo Itration e ciency models. Fiber diameters, density distributions, and overall
and respirator breathability are critical farient respirator ~ fabric porosity were characterized, as were particle distribu-
design while protecting the wearkealth. tions in various samples prepared witareint amounts of
The diameter distribution in the meltblown polypropyleneparticle deposition. We found that ther diameter plays a
layer inFigure B raises the question of whibler size would  crucial role, with capture @ency drastically improved for
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bers <1.8 m in diameter, likely related to the eleceid United States; Stanford Institute for Materials and Energy
gradient. We also observed thia¢r distribution directly Sciences, SLAC National Accelerator Laboratory, Menlo
a ects contaminant-captureceency: denseber areas trap Park, California 94025, United Statescid.org/0000-
more particles. We conclude that appropriate desigerof 0003-4546-4880
density gradients in combination with well-chodem Lei Liao 4C Air, Inc., Sunnyvale, California 94089, United
diameter distributions can, in future N95 respirators, lead to States
high particle-capture eiencies without saaring good Wang Xiao 4C Air, Inc., Sunnyvale, California 94089,
breathability over a larger total particle loading range relative United States
to current lter characteristics. Arturas Vailionis Stanford Nano Shared Facility, Stanford
University, Stanford, California 94305, United States;
METHODS Department of Physics, Kaunas University of Technology, LT-
Sample Preparation. TM95 meltblown fabric (Guang- 51368 Kaunas, Lithuania

dong Meltblown Technology Co. Ltd.) samples were used for Antonio J. Ricco Department of Electrical Engineering,
ltration testing. Each sample was cut to approximately 15 cm Stanford University, Stanford, California 94305, United

SEM Analysis Scanning electron microscope images were Robin White Carl Zeiss X-ray Microscopy, Inc., Pleasanton,
taken using a Phenom Pro SEM and Thesieo Helios at 10 California 94588, United States o
KV. Yoshio Nishi Department of Electrical Engineering, Stanford

X-ray Microscope Analysis.Zeiss Xradia 520 and Zeiss University, Stanford, California 94305, United States
Xradia Ultra 810 X-ray Microscopes (XRMs) (Carl Zeiss X-ray Wah Chiu Department of Bioengineering, James H. Clark
Microscopy |nc_, P|easant0n, CA) were used to obtain X_ray Center, Stanford Un|VerS|ty, Stanford, California 94305,

tomographic images and ORS Dragenﬂ’ware (Version 4.1 United StateS, Division of CryOEM and BiOimaging, SSRL,
and 2020.1) and Imag@3doftware were used for the data ~ SLAC National Accelerator Laboratory, Menlo Park,
ana'ysis_ Deep Learning Module in Dr@gmftwa@27 was Ca“forr“a 94025, Un|ted Star BS[CId.OI’g/OOOO-OOOZ-

used for image segmentation via2D5slices for training each 8910-3078

data set. Data augmentation of factor 10 with rotation, Steven Chu Department of Physics and Department of
horizontal and verticalpping, shearing (of 2 degrees) and ~ Molecular and Cellular Physiology, Stanford University,
scaling (0.9 to 1.1) was implemented to reduce the processing Stanford, California 94305, United States
time. Dice loss and AdaDelta optimization method were us&bmplete contact information is available at:
to train images. https://pubs.acs.org/10.1021/acs.nanolett.0c04230

Fiber and particle occupancy results were craabiy full-
depth 3D lter fabric data collected using the Zeiss Xradia 52Buthor Contributions
system. Particle adhesion dependencdendiameter was H.R.L., L.L., and Y.C. designed the experiments. H.R.L., L.L.,
con rmed by the data obtained from the Zeiss Xradia Ultré\.V., and R.W. collected the data. All authors analyzed the
810 system. Reconstruction was performed using commerdiata, interpreted results, and wrote the manuscript.
software package XMReconstructor (version 14.0.1, Carl Zgigsies

X-ray Microscopy Inc., Pleasanton, CA). The authors declare the following competingncial
interest(s): Professors Steven Chu and Yi Cui are founders
ASSO(_:lATED CQNTENT and shareholders of the company 4C Air, Inc. They are
Supporting Information inventors on patent PCT/US2015/065608. Authors Lei Liao
The Supporting Information is available free of charge aind Wang Xiao are employed by 4C Air, Inc.
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04230

The scope of deep learning, reconstructed and DL- ACKNOWLEDGMENTS
processed 3D X-ray images, porosity and aredlhis research was funded by DOEc® of Science through

*

occupancy graphBFH the National Virtual Biotechnology Laboratory, a consortium
* b-Enh q of DOE national laboratories focused on response to COVID-
Web-Enhanced Features 19, with funding provided by the Coronavirus CARES Act (to

3D videos of DL-processed polypropyléeelayers with and .C.). Part of this work was performed at the Stanford Nano
without NaCl particles. High-resolution videos are availablg,ored Facilities (SNSF), supported by the National Science
upon request. Foundation under award ECCS-1542152. Authors thank Prof.
Piero A Pianetta, Dr. Johanna Nelson, Dr. Yijin Liu for

AUTHOR INFORMATION valuable discussion. The authors also would like to thank the

Corresponding Author ORS support team, the ImageJ team, and CDC/Alissa Eckert,
Yi Cui  Stanford Institute for Materials and Energy ScienggsMI, and Dan Higgins, MAMS.
SLAC National Accelerator Laboratory, Menlo Park,
California 94025, United States; Department of Materials REFERENCES

Science and Engineering, Stanford University, Stanford,(1) Fung, T. S.; Liu, D. X. Human Coronavirus : Host-Pathogen
California 94305, United Sta BS[CId.Org/OOOO-OOOZ- InteractionAnnu. Rev. Microb2019 73 529 560.

6103-6352Email:yicui@stanford.edu (2) Wu, F.; Zhao, S.; Yu, B.; Chen, Y. M.; Wang, W.; Song, Z. G.;

Hu, Y.; Tao, Z. W.; Tian, J. H.; Pei, Y. Y.; Yuan, M. L.; Zhang, Y. L.;

Authors Dai, F. H.; Liu, Y.; Wang, Q. M.; Zheng, J. J.; Xu, L.; Holmes, E. C.;
Hye Ryoung Lee Geballe Laboratory for Advanced Zhang, Y. Z. A New Coronavirus Associated with Human Respiratory

Materials, Stanford University, Stanford, California 943@sease in Chindlature202Q 579(7798), 265 269.

F https://dx.doi.org/10.1021/acs.nanolett.0c04230
Nano Lett.XXXX, XXX, XX¥XXX


https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04230?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c04230/suppl_file/nl0c04230_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Cui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6103-6352
http://orcid.org/0000-0002-6103-6352
mailto:yicui@stanford.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hye+Ryoung+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4546-4880
http://orcid.org/0000-0003-4546-4880
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Liao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wang+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arturas+Vailionis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+J.+Ricco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robin+White"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yoshio+Nishi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wah+Chiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8910-3078
http://orcid.org/0000-0002-8910-3078
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04230?ref=pdf
https://dx.doi.org/10.1146/annurev-micro-020518-115759
https://dx.doi.org/10.1146/annurev-micro-020518-115759
https://dx.doi.org/10.1038/s41586-020-2008-3
https://dx.doi.org/10.1038/s41586-020-2008-3
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c04230?ref=pdf

Nano Letters pubs.acs.org/NanoLett

(3) Zhou, P.; Yang, X.-L.; Wang, X. G.; Hu, B.; Zhang, L.; Zhang(20) Chang, J. S.; Lawless, P. A.; Yamamoto, T. Corona Discharge
W.; Si, H. R.; Zhu, Y.; Li, B.; Huang, C. L.; Chen, H. D.; Chen, JProcessetEEE Trans. Plasma $8B1 19 (6), 1152 1166.

Luo, Y.; Guo, H.; Jiang, R. Di; Liu, M. Q.; Chen, Y.; Shen, X. R.;(21) Overney, R. M,; ltbi, R.; Haefke, H.; Frommer, J.; Meyer, E.;
Wang, X.; Zheng, X. S.; Zhao, K.; Chen, Q. J.; Deng, F.; Liu, L. IGuntherodt, H. J.; Hild, S.; Fuhrmann, J. An Atomic Force
Yan, B.; Zhan, F. X.; Wang, Y. Y.; Xiao, G. F.; Shi, Z. L. A PneumoMécroscopy Study of Corona-Treated Polypropylene Rippk.
Outbreak Associated with a New Coronavirus of Probable Bat Origifurf. Scll993 64 (3), 197 203.

Nature202Q 579 (7798), 270 273. (22) Kravtsov, A.; Bnig, H.; Zhandarov, S.; Beyreuther, R. Electret
(4) Anfinrud, P.; Stadnytskyi, V.; Bax, C. E.; Bax, A. Visualizirfgffect in Polypropylene Fibers Treated in a Corona Disckdrge.
Speech-Generated Oral Fluid Droplets with Laser Light Scattering. Polym. Techn@aD0Q 19 (4), 312 316. _ _

Engl. J. Med802Q 382(21), 2061 2062. (23) Yovcheva, T. A.; Avramova, |. A.; Mekishev, G. A.; Marinova,
(5) Setti, L.; Passarini, F.; De Gennaro, G.; Barbieri, P.: Perrone, N. S- Corona-Charged Polypropylene Electrets Analyzed by XPS.
G.: Borelli, M.; Palmisani, J.: Di Gilio, A.: Piscitelli, P.; Miani, AElectros2007, _65(1_0 11), 667 §71._ o _ .
Airborne Transmission Route of Covid-19: Why 2 Meters/6 Feet of(24) Ragoubi, M.; George, B.; Molina, S.; Bien&m#lerlin, A;
Inter-Personal Distance Could Not Be EnomghJ. Environ. Res. Hiver, J. M.; Dahoun, A. Effect of Corona Discharge Treatment on
Public HealtB02q 17 (8), 2932 Mechanical and Thermal Properties of Composites Based on
(6) Jones, N. R.; Quréshi Z.. U.; Temple, R. J.; Larwood, J. P. iscanthus Fibres and Polylactic Acid or Polypropylene Matrix.

Greenhalgh, T.; Bourouiba, L. Two Metres or One: What Is th érg)pgsgﬁzidﬁr%@‘f.4R3§:'Z)'a%5\/38%. Eliceiri, K. W. NIH Image to
rEn\ggggce for Physical Distancing in Covidgle3. 2020 37Q ImageJ: 25 Yea’rs of Ir,nage Anal’yais.MelthodEOiZ 9(7), 671

; Ve . . . . . 675.
(7) Liao, L.; Xiao, W.; Zhao, M.; Yu, X.; Wang, H.; Wang, Q.; Chu, (%6) Makovetsky, R.; Piche, N.; Marsh, M. Dragonfly as a Platform

S.; Cui, Y. Can. N95 Respirators Be Reused after Disinfection? H - . L ;
Many TimesACS Nan@02Q 14 (5), 6348 6356. go(;lEaast (Igf)g(;?;ggg Deep Learning Applichtiorosc. Microanal.

(8) Zhao, M.; Liao, L.; Xiao, W.; Yu, X.; Wang, H.; Wang, Q.; Lin, Y. . . . .
L.; Kilinc-Balci, F. S.; Price, A.; Chu, L.; Chu, M. C.; Chu, S.; Cui, Y(27) Badran, A, Marshall, D.; Legault, Z.; Makovetsky, R.;

; . P her, B.; Pichd.; Marsh, M. Aut ted S tati f
Household Materials Selection for Homemade Cloth Face Cove”n@%%ngederTomog;gphy Imaz‘ar;es of Fitl)Jecr)T?aeiﬁfocmngec?maplc());tgs by

and Their Filtration Efficiency Enhancement with TriboelectrioDeep Learning. Mater. S@02Q 55 (34), 16273 16289.
ChargingNano Lett202Q 20 (7), 5544 5552. ’

(9) LUStig, S. R.; Biswakarma, J. J. H, Rana, D.; Tilford, S. H, Hu, NOTE ADDED AFTER ASAP PUBLICATION
W.; Su, M.; Rosenblatt, M. S. Effectiveness of Common Fabrics to . . .
Block Aqueous Aerosols of Virus-like Nanopari€lésNan@02Q Due to a production error, this paper was published ASAP on
14 (6), 7651 7658. December, 7, 2020, with missing information from the

(10) Konda, A.; Prakash, A.; Moss, G. A.; Schmoldt, M.; Grant, GAssociated Content section. The corrected version was
D.; Guha, S. Aerosol Filtration Efficiency of Common Fabrics Used teposted on December 7, 2020.

Respiratory Cloth MassCS Nan@02Q 14 (5), 6339 6347.

(11) Shrestha, A.; Mahmood, A. Review of Deep Learning
Algorithms and ArchitecturdSEE Acceg619 7, 53040 53065.

(12) Lecun, Y.; Bengio, Y.; Hinton, G. Deep Leaatgre2015
521(7553), 436 444.

(13) Sommer, C.; Straehle, C.; Kothe, U.; Hamprecht, F. A. llastik:

Interactive Learning and Segmentation To#lkiic. - Int. Symp.
Biomed. Imagigg11, 2014 230 233.

(14) Ronneberger, O.; Fischer, P.; Brox, T. U-Net: Convolutional
Networks for Biomedical Image Segmentatioheldical Image
Computing and Computer-Assisted Intervention - MICCAI 2015
MICCAI 2015. Lecture Notes in Computer Science,9356%

Navab, N., Hornegger, J., Wells, W., Frangi, A., Eds.; Springer:
Switzerland, 2015; pp 2341 DOI: 10.1007/978-3-319-24574-
4 28

(15) Falk, T.; Mai, D.; Bensch, R.; Cicek, O.; Abdulkadir, A.;
Marrakchi, Y.; Bohm, A.; Deubner, J.; Jackel, Z.; Seiwald, K.;
Dovzhenko, A.; Tietz, O.; Dal Bosco, C.; Walsh, S.; Saltukoglu, D.;
Tay, T. L.; Prinz, M.; Palme, K.; Simons, M.; Diester, I.; Brox, T.;
Ronneberger, O. U-Net: Deep Learning for Cell Counting, Detection,
and MorphometrNat. Method®019 16 (1), 67 70.

(16) Smistad, E.; Falch, T. L.; Bozorgi, M.; Elster, A. C.; Lindseth, F.
Medical Image Segmentation on GPUs - A Comprehensive Review.
Med. Image AnaD15 20 (1), 1 18.

(17) Lee, Y.; Wadsworth, L. C. Structure and Filtration Properties of
Melt Blown Polypropylene WeBalym. Eng. StP9Q 30 (22),

1413 14109.

(18) De Rovere, A.; Shambaugh, R. IRe@r, E. Investigation of
Gravity-Spun, Melt-Spun, and Melt-Blown Polypropylene Fibers
Using Atomic Force Microscopl. Appl. Polym. S2D0Q 77,

1921 1937.

(19) Nayak, R.; Kyratzis, I. L.; Truong, Y. B.; Padhye, R.; Arnold, L.;
Peeters, G.;'Shea, M.; Nichols, L. Fabrication and Characterisation
of Polypropylene Nanofibres by Meltblowing Process Using Different
Fluids.J. Mater. S@013 48 (1), 273 281.

G https://dx.doi.org/10.1021/acs.nanolett.0c04230
Nano Lett.XXXX, XXX, XX¥XXX


https://dx.doi.org/10.1038/s41586-020-2012-7
https://dx.doi.org/10.1038/s41586-020-2012-7
https://dx.doi.org/10.1056/NEJMc2007800
https://dx.doi.org/10.1056/NEJMc2007800
https://dx.doi.org/10.3390/ijerph17082932
https://dx.doi.org/10.3390/ijerph17082932
https://dx.doi.org/10.1136/bmj.m3223
https://dx.doi.org/10.1136/bmj.m3223
https://dx.doi.org/10.1021/acsnano.0c03597
https://dx.doi.org/10.1021/acsnano.0c03597
https://dx.doi.org/10.1021/acs.nanolett.0c02211
https://dx.doi.org/10.1021/acs.nanolett.0c02211
https://dx.doi.org/10.1021/acs.nanolett.0c02211
https://dx.doi.org/10.1021/acsnano.0c03972
https://dx.doi.org/10.1021/acsnano.0c03972
https://dx.doi.org/10.1021/acsnano.0c03252
https://dx.doi.org/10.1021/acsnano.0c03252
https://dx.doi.org/10.1109/ACCESS.2019.2912200
https://dx.doi.org/10.1109/ACCESS.2019.2912200
https://dx.doi.org/10.1038/nature14539
https://dx.doi.org/10.1109/ISBI.2011.5872394
https://dx.doi.org/10.1109/ISBI.2011.5872394
https://dx.doi.org/10.1007/978-3-319-24574-4_28
https://dx.doi.org/10.1007/978-3-319-24574-4_28
https://dx.doi.org/10.1007/978-3-319-24574-4_28?ref=pdf
https://dx.doi.org/10.1007/978-3-319-24574-4_28?ref=pdf
https://dx.doi.org/10.1038/s41592-018-0261-2
https://dx.doi.org/10.1038/s41592-018-0261-2
https://dx.doi.org/10.1016/j.media.2014.10.012
https://dx.doi.org/10.1002/pen.760302202
https://dx.doi.org/10.1002/pen.760302202
https://dx.doi.org/10.1002/1097-4628(20000829)77:9<1921::AID-APP8>3.0.CO;2-1
https://dx.doi.org/10.1002/1097-4628(20000829)77:9<1921::AID-APP8>3.0.CO;2-1
https://dx.doi.org/10.1002/1097-4628(20000829)77:9<1921::AID-APP8>3.0.CO;2-1
https://dx.doi.org/10.1007/s10853-012-6742-2
https://dx.doi.org/10.1007/s10853-012-6742-2
https://dx.doi.org/10.1007/s10853-012-6742-2
https://dx.doi.org/10.1109/27.125038
https://dx.doi.org/10.1109/27.125038
https://dx.doi.org/10.1016/0169-4332(93)90025-7
https://dx.doi.org/10.1016/0169-4332(93)90025-7
https://dx.doi.org/10.1002/1098-2329(200024)19:4<312::AID-ADV7>3.0.CO;2-X
https://dx.doi.org/10.1002/1098-2329(200024)19:4<312::AID-ADV7>3.0.CO;2-X
https://dx.doi.org/10.1016/j.elstat.2007.05.002
https://dx.doi.org/10.1016/j.compositesa.2011.12.025
https://dx.doi.org/10.1016/j.compositesa.2011.12.025
https://dx.doi.org/10.1016/j.compositesa.2011.12.025
https://dx.doi.org/10.1038/nmeth.2089
https://dx.doi.org/10.1038/nmeth.2089
https://dx.doi.org/10.1017/S143192761800315X

