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ABSTRACT: Since the emergence of the COVID-19 pandemic outbreak, the increasing
demand and disposal of surgical masks has resulted in signiﬁcant economic costs and
environmental impacts. Here, we applied a dual-channel spray-assisted nanocoating
hybrid of shellac/copper nanoparticles (CuNPs) to a nonwoven surgical mask, thereby
increasing the hydrophobicity of the surface and repelling aqueous droplets. The resulting
surface showed outstanding photoactivity (combined photocatalytic and photothermal
properties) for antimicrobial action, conferring reusability and self-sterilizing ability to the
masks. Under solar illumination, the temperature of this photoactive antiviral mask
(PAM) rapidly increased to >70 °C, generating a high level of free radicals that disrupted
the membrane of nanosized (∼100 nm) virus-like particles and made the masks self-cleaning and reusable. This PAM design can
provide signiﬁcant protection against the transmission of viral aerosols in the ﬁght against the COVID-19 pandemic.
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wall of Gram-negative bacteria, altering the protein structure in
the cell membrane, binding with thiol groups of intracellular
proteins leading to their denaturation, and interaction with
DNA.3,21−25 Nanosized Cu or CuO particles showed a higher
degree of antimicrobial activity compared with that of
micrometer-sized particles.21 Both CuNPs and the released
Cu ions have been reported to show strong bactericidal activity.
Moreover, no viable SARS-CoV-2 was detected on Cu after 4 h,
whereas it was stably maintained on plastic and stainless steel
where viable virus could be detected for up to 72 h.3
Herein, we report a hydrophobic enhancer with photoactive
nanocomposite modiﬁcation from spray coating onto polypropylene nonwoven fabrics of commercial surgical masks
(Figure 1a, b). Owing to the strong photocatalytic property, this
photoactive antiviral mask (PAM) can be leveraged to eﬀectively
degrade methylene blue, enhance antimicrobial action, and
break the plasma membrane of virus-like particles (VLPs) under
sunlight illumination (Figure 1c). This nanocomposite coating
of shellac and CuNPs provides multifunctionality to the masks
from the following aspects: (1) it increases the hydrophobicity
with a static contact angle of over 143°; (2) shellac acts as a
bioadhesive for strong binding of CuNPs; (3) it rapidly increases
the surface temperature to >70 °C under solar illumination; and

s the outbreak of the novel coronavirus SARS-CoV-2
impacts the world, infecting >20 million people and
creating a global health emergency,1−4 the World Health
Organization (WHO) has suggested the use of face masks as an
important mitigation strategy against common respiratory virus
transmission. However, the global shortage of masks and some
limitations remain a real and continuing issue, in addition to
problems of mask disposal and decontamination contributing to
the current burden of 250,000 tons of plastic pollution per
day.5,6 Given this high economic cost and environmental impact,
it is important to develop reusable masks that can be easily
deployed within a hospital or industrial setting and that may also
be accessible to the general population at a high-throughput
scale.
The superhydrophobic nature and photocatalytic properties
of coatings have attracted substantial attention in scientiﬁc
research as well as in commercial industrial applications owing
to their advantageous self-cleaning features.7−13 Shellac is a
natural hydrophobic low-cost biopolymer (∼$2/kg) that
consists of a complex mixture of polyhydroxy, polycarboxylic
esters, lactones, and anhydrides that are deposited as a resinous
material on various host trees after being secreted by the insect
Kerria lacca. Shellac is widely used as an excellent bioadhesive
and biocompatible coating material.14−17 Copper nanoparticles
(CuNPs), as another inexpensive material, have demonstrated
rapid and high microbicidal eﬃcacy against pathogens and are
also promising photocatalysts due to the band gap, which
enables the absorption of visible light.18−20 Several mechanisms
underlying the antimicrobial property of CuNPs have been
proposed, including their electrostatic interaction with the cell
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Figure 1. Catalytic surface modiﬁcation of nanocomposites on pristine surgical masks. (a) Diagram representing the individual components of the
nanocomposite coating on the pristine surgical mask. (b) Schematic representation of the setup of the spray-based microﬂuidic device for the
controlled deposition of the nanocomposite on nonwoven ﬁbers of the pristine surgical mask. The spray device was designed to mix the solution of
copper nanoparticles (CuNPs) and shellac at the junction, where the mixture meets the pressurized N2 air channel. (c) Schematic illustration of the
inactivation of the virus in respiratory droplets through photothermal, photocatalytic, and hydrophobic self-cleaning processes after solar irradiation.
(d) Optical image of the photoactive antiviral mask (PAM). (e) Representative scanning electron microscopy (SEM) images of commercial surgical
masks to characterize the presence of propylene nonwoven ﬁbers (left) and shellac−CuNPs nanocomposite-coated nonwoven ﬁbers (right). (Scale
bar, 10 μm). (f) Photographs of a colored water droplet (30 μL) being held on the pristine mask (top) and PAM (bottom) after 1 h.

(4) it confers an outstanding photocatalytic self-cleaning
property to the masks by generating free radicals.

the mask, while the PAM surface sustained the droplet shape
(Figure 1f).
To investigate the surface wetting status, we sprayed ∼2 mL of
a water solution containing ﬂuorescent particles (∼100 nm)
onto the mask surface. These droplets completely rolled oﬀ
when applied to the inclined surfaces of the PAM (Figure 2a).
The sliding angle on the pristine mask was decreased from 36.4°
± 4.2° to 24.8° ± 2.9° after the nanocomposite modiﬁcation,
whereas the static contact angle was increased from 111.5° ±
3.1° to 143.4° ± 3.9° (Figure 2b, 2c). We also evaluated the role
of the individual components of the nanocomposite, including
only shellac (131.5° ± 2.1°) on the nonwoven fabric, to the
wetting property (Figure S8). This nonwetting enhancement of
the mask, whereby water droplets moved freely on the surfaces,
can signiﬁcantly improve the self-cleaning performance that
prevents respiratory droplets from staying on the surface (Video
S2).
The chemical properties of the PAM were systematically
studied using Fourier-transform infrared (FT-IR) spectroscopy
and X-ray photoelectron spectroscopy (XPS). In FT-IR analysis,
the modiﬁcation of shellac on the mask resulted in the
appearance of new peaks at 1255.44 cm−1 for −OH, 1637.28
cm−1 for CC, 1716.35 cm−1 for CO, and 2852.22 and
2929.36 cm−1 for CH functional groups (Figure 2d). The
increase in peak intensity for CH was due to the long aliphatic
chain present in the shellac. The relatively larger intensity of the
ester peaks (CO) in the PAM is mainly attributed to the
development of ester covalent bonding between the shellac
itself, which is in good agreement with a previous report.26 From
the XPS analysis, the high-resolution C 1s spectra of the
nanocomposite coating were deconvoluted into four diﬀerent

■

RESULTS AND DISCUSSION
We developed a practical and reliable large-scale preparation
method of the nanocomposite, which represents a breakthrough
strategy for realizing photoactive material modiﬁcation on a
pristine surgical mask. First, the microﬂuidic spray device was
designed and fabricated using a CNC milling machine (see
Supplementary Methods, Figure S1). This spray process relies
on the ﬂow hydrodynamic focusing of a narrow liquid stream
that generates droplets by placing the microﬂuidic spray device
perpendicular to the surface of the mask for deposition, at a ﬁxed
distance, and spraying at a constant ﬂow rate (Figure 1b, Figures
S1−S4, Video S1). This microﬂuidic 3D spray device is well
suited for the reproducible, high-throughput, and fully
automated single-step method for depositing the nanocomposite layer onto a pristine nonwoven mask without an
aggregated thick layer (Figures S5 and S6). An optical image of
the nanocomposite-coated masks showed that the color of the
pristine white mask changed to light brown due to the presence
of the nanocomposite (Figure 1d). The morphology of the
nanocomposite-coated pristine mask, as characterized by
scanning electron microscopy (SEM), was clearly diﬀerent
from the smooth surface of the nonwoven microﬁbers and
showed uniformly distributed CuNPs (24 ± 2.2 nm; Figure S7)
adhering to the rough surface all over the ﬁbers (Figure 1e). The
static contact angle of the pristine nonwoven fabrics in the mask
was 111.5° ± 3.1°. However, after 1 h, the droplets (5 μL)
containing the colored dye solution adsorbed onto the surface of
B
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Figure 2. Wetting behaviors and chemical characterization of the coating on a pristine surgical mask. (a) Schematic of the sliding of the droplet on a
vertical inclined surface of the mask (left), optical image of the pristine surgical mask (middle), and photoactive mask (PAM, right) to demonstrate the
self-cleaning properties imparted after spraying the solution of ﬂuorescein dye droplets and tilting vertically; scale bar = 1 cm. (b) Contact angle images
of the nonwoven ﬁbers of the pristine surgical mask (left) and PAM (right). (c) Time-dependent variation in the contact angle (θ) for the pristine
surgical mask and PAM. (d) Characterization of chemical composition using Fourier-transform infrared spectroscopy in transmittance mode over the
scanning range of 700−4000 cm−1. (e, f) X-ray photoelectron spectroscopy details with high-resolution C 1s spectra (281−291 eV) and O 1s spectra
(528−537 eV), respectively. (g) Representative photothermal images of the pristine surgical mask and the PAM after solar illumination for 5 min with
the color bar indicating temperature. (h) Increase in the temperature as a function of solar illumination time. Data are presented as mean ± SD; n = 3
independent experiments. (i) Reproducibility and recycling test of the PAM after three cycles of solar illumination.

min (Figure 2h). The repetitive photothermal “heating and
cooling” experiment conﬁrmed the reproducibility of the
photothermal conversions and high photostability of the PAM
under solar illumination (Figure 2i). After three cycles of each
treatment, the PAM still had a photothermal heating capacity
similar to that of the initial sample.
Further, we determined the ﬁltration eﬃciency of the PAM as
a function of particle size by calculating the upstream and
downstream particle concentrations using an optical particle
sizer (Figure S11, Figure 3a). The custom-built setup for
ﬁltration eﬃciency was ﬁrst calibrated using standard N95,
KF94, and KN95 face respirators, demonstrating good agreement with previously reported values (Figure S12).27,28 The
ﬁltration eﬃciency was comparable for the PAM (36% for ∼300
nm particles and 81% for ∼1 μm particles) and the pristine mask
(30% for ∼300 nm particles and 74% for ∼1 μm particles)
(Figure 3b). This result suggested that the nanocomposite
material modiﬁcation on the nonwoven ﬁbers does not impede
ﬁltration eﬃciency. We then measured the pressure drop
through the masks, which estimates the breathability of the
sample. Pressure drop testing was performed by changing the air
velocity (0−1.2 m s−1) using a mass ﬂow controller. As shown in
Figure 3c, the pressure drop values were similar at low air
velocity but increased slightly for the PAM compared with those
of the pristine mask. In addition, the eﬀect of nanocomposite
modiﬁcation on the static charge present on the surface of the

peaks centered at 284.4 (CC), 285.2 (COH), 287.5
(−COO), and 288.8 eV (−CO) (Figure 2e). To conﬁrm the
presence of the ester covalent bonding during polymerization,
high-resolution O 1s spectra showed three peaks at 531.2 (C
O for ketone and aldehyde), 532.4 (COH group for phenol),
and 533.6 eV (OCO group for carboxylic and ester)
(Figure 2f). Next, we performed a control experiment to
evaluate the stability of the CuNPs in the absence of shellac.
While washing the composite with and without shellac, we
measured the amount of Cu released from the face mask surface
using inductively coupled plasma−atomic emission spectroscopy (ICP-AES). As shown in Figure S9a, without shellac, >80% of
Cu was released from the face mask, in contrast to the PAM
(with shellac) where the Cu remained quite stable. This result
was further conﬁrmed based on observations of SEM images
(Figure S9b).
Shellac is known to absorb light in UV−visible regions, which
constitutes most of the solar spectrum and acts as a
photoinitiator. CuNPs strongly connect with light due to their
surface plasmon resonance (SPR) excitation. Under solar
illumination, the overall surface temperature distribution on
the masks was examined using an infrared camera (Figures S10
and 2g). The PAM surface temperature quickly elevated above
70 °C within 5 min (0.2 W cm−2, 300 W Xe lamp), which is
suﬃcient to inactivate SARS-CoV-2, whereas the temperature of
the pristine mask reached a maximum of 37 °C, even after 10
C
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pristine surgical mask was evaluated in comparison to the eﬀect
of the N95 respirator. Although no charge was observed on the
pristine surgical mask, the charge density of the N95 respirator
slightly decreased from ∼1700 ± 250 nC m−2 to ∼1438 ± 150
nC m−2 after nanocomposite modiﬁcation.
Further, we investigated antibacterial activities using Gramnegative Escherichia coli MG1655, which emits green ﬂuorescence. A 1 mL aliquot of bacterial suspension of known
concentration [5 × 108 colony-forming units (CFU) mL−1] was
spread onto each mask, followed by exposure to solar light for 5
min. After 24 h, the photograph of bacterial culture growth on
the PAM and pristine mask showed markedly higher green
ﬂuorescence intensity on the pristine mask than on the PAM,
which was attributed to the catalytic action of the PAM under
solar irradiation that suppressed bacterial growth (Figure 4a).
The SEM images conﬁrmed more adhesion and growth of
bacteria on the pristine mask than on the PAM. These results
were further conﬁrmed using the SYTO 9 (485/498 nm) and
propidium iodide (535/617 nm) ﬂuorescence-based live/dead
assay with E. coli ATCC 25922 (Figure 4b). In quantitative
analysis, the bacterial viability (based on a CFU count) was
substantially reduced on the PAM compared with that on the
pristine mask, showing an impressive ∼4 log (>99.99%)
reduction for E. coli, while the control samples showed negligible
antibacterial eﬀects (Figure 4c, Figure S13). Transmission
electron microscopy (TEM) images showed the deformed
membranes of dead bacteria with debris post-treatment on the
PAM under light illumination for 5 min (Figure 4d). The
photoactivity remarkably contributes to the self-sterilization of
the mask by lethally aﬀecting the membrane of bacteria, which is
the main mechanism of its extensive antibacterial activity. In
addition, we performed the antibacterial assay in an outdoor

Figure 3. Particle ﬁltration eﬃciency and air permeability test. (a)
Particle concentration (counts L−1) plotted as a function of particle size
in the upstream region, downstream region through a single layer of the
pristine mask, and downstream region through a single layer of the
photoactive mask (PAM); n = 3 independent experiments. (b) Particle
ﬁltration eﬃciency of the pristine mask and PAM plotted as a function
of particle size. The ﬂow rate used for the measurements was 10 L
min−1. Data are presented as mean ± SD; n = 3 independent
experiments. (c) Pressure drop testing plotted as a function of air
velocity (m s−1). Data are presented as mean ± SD; n = 3 independent
experiments.

Figure 4. Photocatalytic antimicrobial surface property. (a) Representative digital photographs (left) and scanning electron microscopy (SEM, right)
images of the pristine surgical mask (top) and photoactive mask (PAM, bottom) with E. coli 24 h after treatment with solar illumination. SEM images
show that bacteria were growing on the top surface of the pristine mask but not on the PAM (scale bar = 10 μm); n = 3 independent experiments. (b)
High-resolution confocal ﬂuorescence microscopy images of E. coli ATCC 25922 after treatment with SYTO 9 and propidium iodide. The highresolution confocal ﬂuorescence image on the left shows the viable bacteria in dark mode after 5 min of exposure on the pristine mask and the PAM.
The light mode (solar irradiation for 5 min) image on the right side shows that a large number of bacteria were killed on the PAM (represented by red
color) due to its catalytic property in contrast to the pristine mask. (c) Number of viable E. coli, calculated from the colony-forming unit (CFU) count,
after solar illumination treatment on the surface of the PAM and pristine surgical mask. Data are expressed as means ± SD; n = 3 independent
experiments. (d) Transmission electron microscopy (TEM) images of E. coli after exposing the pristine surgical mask (left) and PAM (right) to solar
illumination (scale bar, 100 nm). (e) Photocatalytic degradation of methyl blue dye under solar light illumination on the surface of the PAM and
control. Representative digital photographs (right) of the dye solution after treatment on the PAM and other controls, where I and III show the pristine
surgical mask and II and IV show the PAM.
D
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Figure 5. Performance of the photoactive mask (PAM) in the rapid inactivation of virus-like particles (VLPs). (a) Schematic of the experimental setup.
A solution of VLPs was injected into the liquid channel of the spray device, where it combined with pressurized N2 gas channels and was then sprayed
into the upstream chamber. The VLP sample passed through the specimen to the downstream chamber, where it was collected for nanoparticle
tracking analysis. (b) Change in the VLP concentration before and after treatment with light passing through the pristine mask and PAM. The particle
concentrations on the y-axis scales are plotted on a log scale for clearer representation of the data (n = 5 independent experiments). (c) Rejection
eﬃciency (%) of the pristine mask and PAM with a size of 13 mm at a ﬂow rate of 2.6 psi plotted before and after treatment (n = 5 independent
experiments). (d) Rejection eﬃciency plot for the PAM showing its reusability after multiple treatment cycles (n = 3 independent experiments). (e)
VLPs (1,1-dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine, DiD staining) imaged in the downstream solution using ﬂuorescence microscopy
(scale bar, 10 μm). (f) Representative transmission electron microscope images of VLPs after treatment on the pristine surgical mask (left) and PAM
(right).

Finally, we evaluated the self-sterilization ability of the mask to
eliminate viruses that potentially remain on a PAM, using
extracellular vesicles as a model of COVID-19 VLPs, which are
comparable in size and content. In particular, both VLPs and
SARS-CoV-2 contain genetic materials, lipids, and proteins from
host cells, and they also have a similar biogenesis process, which
results in their release from infected cells after fusion of the
multivesicular bodies with the plasma membrane.29,30 Figure 5a
shows a schematic for mimicking the natural human respiratory
process.31 Solutions of VLPs (100 μL min−1) were sprayed at a
pressure of 2.6 psi (135 mmHg) over the mask surface, and the
numbers of particles in the upstream and downstream regions
were counted using nanoparticle tracking analysis to evaluate the
self-cleaning properties of the PAM under solar light irradiation
(Figure S15). As shown in Figure 5b, under solar exposure for 5
min, the concentration of VLPs on the PAM decreased by 2−3
log, whereas VLPs were negligibly reduced on the pristine mask.
The eﬃcacy of a disinfectant with respect to the log reduction
level can be highly dependent on the initial concentration of the
viral load, amount of antiviral materials, contact time, and
numerous environmental factors. The rejection eﬃciency for the
PAM increased from 68.2% to 99.37% after solar light irradiation

environment (Figure S14). When the PAM was placed on a table
directly under sunlight, the temperature increased by ∼29 °C
(from 28.5 to 57.9 °C) and ∼17 °C (from 28.3 to 45.3 °C)
within 1 h on a sunny day (outdoor temperature 19−32 °C,
humidity 44%, precipitation 10%) and a cloudy day (outdoor
temperature 18−28 °C, humidity 65%, precipitation 26%),
respectively. The temperature increase when wearing a mask
would be reduced because of convection. The antibacterial assay
was then performed when placing the PAM directly under
outdoor sunlight, which showed a ∼ 3 log reduction on a sunny
day and a ∼ 1 log reduction on a cloudy day.
Next, we studied the photocatalytic performance of the PAM
using methyl blue as the model sample. As shown in Figure 4e
and 4f, after adding the methylene blue solution (5 μL, 1.6 mg
L−1) and H2O2 (1.26%, 5 μL) to the PAM, the photocatalytic
properties were examined using UV−vis absorption spectra. The
methylene blue dye degraded, based on its notable color change,
which gradually became colorless, indicating the excellent
photocatalytic performance of the PAM. This ﬁnding further
demonstrates the considerable contribution of the nanocomposite modiﬁcation on the mask surface to its antimicrobial
eﬀects.
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but did not signiﬁcantly change for the control (2.1%) or pristine
mask (60.3%) (Figure 5c).
This comparative experiment indicates that the photocatalytic
surface of the PAM possesses self-cleaning ability that maintains
high rejection performance in the face of contamination with
viral droplets. A previous study on the reusability of masks after
disinfection from viruses showed that the ﬁltration eﬃciency was
drastically reduced to unacceptable levels.28 Therefore, in this
study, we further focused on the potential reusability of the PAM
after multiple treatment cycles. Similar to the solution and solar
illumination treatments, the rejection eﬃciency remained
similar to that of the initial sample (>98%) after several
treatments, which indicated the stability of the nanocomposite
material on nonwoven ﬁbers (Figure 5d). We also characterized
the ﬂuorescently labeled (DiD staining) VLP solution downstream to detect the presence of remaining virus. Fluorescence
microscopy showed the presence of VLPs on the pristine mask,
whereas there was only very rare occurrence of the particles on
the PAM (Figure 5e). The morphology of VLPs was clearly
distinguished in the TEM images, showing deformed and
aggregated debris from the damaged membrane post-treatment,
thereby conﬁrming the photoinduced degradation of VLPs
(Figure 5f, right). This observation is consistent with the earlier
experiment for rejection eﬃciency, which clearly demonstrates
the photocatalytic degradation of VLPs on the PAM under solar
irradiation.
Overall, our study represents an advancement in the
technology of disposable surgical masks, whereby the PAM
exhibits outstanding self-cleaning ability and photoactivity
resulting from the nanocomposite modiﬁcation of the surface
of nonwoven ﬁbers using a unique method of depositing
particles with spray technology. We estimate that 600 of such
reusable masks could be fabricated per day under laboratory
conditions; however, there is no limit to the scale-up of this
technology in industrial production settings. According to the
WHO, used and discarded masks can become a source for
rapidly spreading the virus. Therefore, reusable masks that can
be easily decontaminated and have antimicrobial properties can
provide a potent prevention tool against the rapid spread of
viruses. Considering the present challenges due to the COVID19 pandemic, the recycling of disposable masks could have a
signiﬁcantly high impact on abating economic and environmental costs.
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L.; Leygraf, C.; Wallinder, I. O. Surface Characteristics, Copper Release,
and Toxicity of Nano- and Micrometer-Sized Copper and Copper(II)
Oxide Particles: A Cross-Disciplinary Study. Small 2009, 5, 389−399.
(22) Mahmoodi, S.; Elmi, A.; Hallaj-Nezhadi, S. Copper Nanoparticles as Antibacterial Agents. J. Mol. Pharm. Org. Process Res. 2018,
06, 140.
(23) Gunawan, C.; Teoh, W. Y.; Marquis, C. P.; Amal, R. Cytotoxic
Origin of Copper(II) Oxide Nanoparticles: Comparative Studies with
Micron-Sized Particles, Leachate, and Metal Salts. ACS Nano 2011, 5,
7214−7225.
(24) Li, Y.; Zhang, W.; Niu, J.; Chen, Y. Mechanism of Photogenerated Reactive Oxygen Species and Correlation with the
Antibacterial Properties of Engineered Metal-Oxide Nanoparticles.
ACS Nano 2012, 6, 5164−5173.
(25) Meghana, S.; Kabra, P.; Chakraborty, S.; Padmavathy, N.
Understanding the Pathway of Antibacterial Activity of Copper Oxide
Nanoparticles. RSC Adv. 2015, 5, 12293−12299.
(26) Cho, B.-G.; Joshi, S. R.; Lee, J.; Park, Y.-B.; Kim, G.-H. Direct
Growth of Thermally Reduced Graphene Oxide on Carbon Fiber for
Enhanced Mechanical Strength. Composites, Part B 2020, 193, 108010.

Letter

(27) Konda, A.; Prakash, A.; Moss, G. A.; Schmoldt, M.; Grant, G. D.;
Guha, S. Aerosol Filtration Efficiency of Common Fabrics Used in
Respiratory Cloth Masks. ACS Nano 2020, 14 (5), 6339−6347.
(28) Liao, L.; Xiao, W.; Zhao, M.; Yu, X.; Wang, H.; Wang, Q.; Chu,
S.; Cui, Y. Can N95 Respirators Be Reused after Disinfection? How
Many Times? ACS Nano 2020, 14 (5), 6348−6356.
(29) Raab-Traub, N.; Dittmer, D. P. Viral Effects on the Content and
Function of Extracellular Vesicles. Nat. Rev. Microbiol. 2017, 15, 559−
572.
(30) Nolte-‘t Hoen, E.; Cremer, T.; Gallo, R. C.; Margolis, L. B.
Extracellular Vesicles and Viruses: Are They Close Relatives? Proc. Natl.
Acad. Sci. U. S. A. 2016, 113, 9155−9161.
(31) Tang, J. W.; Nicolle, A. D.; Klettner, C. A.; Pantelic, J.; Wang, L.;
Suhaimi, A. B.; Tan, A. Y. L.; Ong, G. W. X.; Su, R.; Sekhar, C.; Cheong,
D. W. D.; Tham, K. W. Airflow Dynamics of Human Jets: Sneezing and
Breathing − Potential Sources of Infectious Aerosols. PLoS One 2013,
8, No. e59970.

G

https://dx.doi.org/10.1021/acs.nanolett.0c03725
Nano Lett. XXXX, XXX, XXX−XXX

