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ABSTRACT: Coronavirus has aﬀected the entire global community owing to its transmission through respiratory droplets. This
has led to the mandatory usage of surgical masks for protection
against this lethal virus in many countries. However, the currently
available disposable surgical masks have limitations in terms of
their hydrophobicity and reusability. Here, we report a single-step
spray-coating technique for the formation of a superhydrophobic
layer of single-walled carbon nanotubes (SWCNTs) on a meltblown polypropylene (PP) surgical mask. The sprayed SWCNTs
form a nanospike-like architecture on the PP surface, increasing the
static contact angle for water from 113.6° ± 3.0° to 156.2° ± 1.8°
and showing superhydrophobicity for various body ﬂuids such as
urine, tears, blood, sweat, and saliva. The CNT-coated surgical
masks also display an outstanding photothermal response with an increase in their surface temperature to more than 90 °C within 30
s of 1 sun solar illumination, conﬁrming its self-sterilization ability. Owing to the cumulative eﬀect of the superhydrophobicity and
photothermal performance of the SWCNTs, the CNT-coated masks show 99.99% higher bactericidal performance toward
Escherichia coli than pristine masks. Further, the virucidal ability of the SWCNT-coated mask, tested by using virus-like particles, was
found to be almost 99% under solar illumination. As the spray-coating method is easily scalable, the nanotube-coated mask provides
cost-eﬀective personal protection against respiratory diseases.
KEYWORDS: antiviral, COVID-19, antimicrobial, carbon nanotubes, mask, personal protective equipment, photothermal, reusability,
superhydrophobic
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INTRODUCTION
The recent outbreak of coronavirus has jeopardized the world
by infecting more than 192 million and killing over 4.1 million
people as of July 2021.1 To reduce the virus spread, the World
Health Organization recommends the use of medical mask,
and some countries have mandated the usage of medical masks
in public places, especially those with a high population
density.2,3 Airborne transmission occurs through viruscontaining respiratory droplets ﬂoating in the air over long
distances,4−7 and the use of masks can reduce the virus spread.
Although low-cost masks are currently available,8,9 their poor
hydrophobicity increases the adherence of the droplets on the
surface.10,11 Furthermore, the poor reusability of the currently
used medical masks adversely aﬀects the environment because
the improper disposal or decontamination of used masks
generates 250 000 tons of waste a day globally.12,13 Therefore,
there is an increasing demand for low-cost and reusable
surgical masks with self-sterilization capabilities and outstanding hydrophobicity.
Previous studies have demonstrated the critical roles of
hierarchical surface textures with micro/nanoscale roughness
© XXXX American Chemical Society

and coatings with materials of low surface energy in the
formation of superhydrophobic surfaces.14,15 Carbon nanomaterials such as graphene, 16−20 and carbon nanotubes
(CNTs),21 as well as metal-22,23 and metal-oxide-based
nanomaterials,24,25 are potential materials for superhydrophobic coatings. The surface properties of these nanomaterials can
be altered via chemical modiﬁcation,23 electrochemical
reduction,26 laser processing,27 and plasma modiﬁcation28 to
generate the desired hierarchical surface roughness and achieve
hydrophobicity. Following the current pandemic, recent
studies have primarily focused on the development of reusable
face masks by decorating the surface with metal16,29 or metal
oxide nanoparticles.30 Carbon nanomaterials, such as graphene, have also been recently utilized to achieve superior
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Figure 1. Surface modiﬁcation of surgical masks using SWCNTs. (A) Schematic representation of the spray-coating of SWCNTs on the nonwoven
ﬁbers of a pristine mask. (B) Optical images of the pristine (left) and the CNT-coated (right) masks, along with their low- and high-magniﬁcation
SEM images (shown below). (C) Raman spectra of the pristine (black curve) and the CNT-coated (red curve) masks. (D) Pressure drop vs air
velocity for the pristine (black curve) and the CNT-coated (red curve) masks.

the functional mask increases instantly to more than 90 °C,
conﬁrming the bactericidal and virucidal properties of the
CNT-coated mask. Our approach for fabricating a reusable
mask is easily scalable and thus is expected to minimize the
environmental impact of the daily worn masks, while
suppressing the spread of the diseases transmitted by
respiratory droplets.

hydrophobicity and photothermal properties than the metaldecorated face masks.16,18,19 However, the nonuniform and
low surface coverage of the nanomaterials on the mask is a
signiﬁcant limitation of the previous approaches. The spray
coating of nanomaterials is a facile method for developing
superhydrophobic surfaces31 with controlled surface coverage
of nanomaterials,32,33 but it has not been employed in masks.
Since the outbreak of COVID-19, the disinfection of face
masks has been extensively investigated to render it reusable.34
Chemical treatments are frequently used to sterilize the masks.
However, a recent study has shown that the extensive usage of
ethanol can break down the polypropylene (PP) ﬁbers, thereby
lowering the ﬁltration eﬃciency of the surgical masks.35
Vaporized H2O2 is eﬀective in removing the bacteria from the
surface without aﬀecting the ﬁltration eﬃciency of the PP
mask36 but is not widely available to the general public. As the
spike proteins and RNA of the virus are unstable at
temperatures greater than 70 °C, thermal treatment has also
been utilized to sterilize the surface without degrading the
original structure of the ﬁlter.37,38 However, owing to the low
thermal conductivity of PP, there is a high risk of the PP ﬁbers
being damaged when in direct contact with a heat source. The
electrothermal process provides precise temperature control
under the controlled application of a voltage across the
specimen but requires either the deposition of an electrically
conductive material or an external heater line, which increases
the complexity of the fabrication process.
Herein, we present a convenient approach for preparing a
self-sterilizing and reusable mask, by spray-coating the
commercially available surgical masks with single-walled
CNTs (SWCNTs) to achieve outstanding hydrophobic and
photothermal properties. The coated SWCNTs form randomly
oriented nanoscale needle-like architectures on the mask
surface, leading to a superhydrophobic surface characteristic
that causes the aqueous droplets to bounce oﬀ immediately.
Upon illumination with sunlight, the surface temperature of
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RESULTS AND DISCUSSION
One of the primary reasons for wearing a mask is to reduce the
risk of inhaling the virus- or bacteria-containing respiratory
droplets. The outer surface of the mask needs to be
hydrophobic to repel those droplets, but the hydrophobicity
of the currently used masks is either insuﬃcient or temporary.
Herein, we employ the spray-coating of SWCNTs as a
convenient and scalable method to improve the hydrophobicity of melt-blown PP ﬁlters that are commonly used
in the commercially available surgical masks. Figure 1A
presents the schematic of our single-step spray-coating
method. SWCNTs dispersed in benzene (Figures S1 and S2)
were sprayed onto a commercially available surgical mask,
followed by drying the coated mask in the oven. The coated
mask was bath-sonicated in benzene to remove excess
SWCNTs not directly bound to the PP ﬁber. The mask was
then placed in the oven again to remove benzene. Here, the
last two steps, bath-sonication and heat treatment, reduce the
risk of inhaling SWCNTs and benzene, respectively, while
breathing and are thus critical in this approach. The
thermogravimetric analysis (TGA) of the CNT-coated PP
ﬁbers showed no weight loss (Figure S3), and we did not ﬁnd
any evidence of CNTs detached from the mask even under a
high-pressure nitrogen stream (Figure S4). These results do
not prove, but do strongly support, the complete removal of
benzene as well as the absence of CNTs detached by breathing.
Figure 1B shows the mask before (left) and after (right) being
spray-coated with the SWCNTs, with the corresponding
B
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Figure 2. Wetting behaviors of the SWCNTs coating on a pristine surgical mask. (A) Contact angles on the pristine mask (left) and the CNTcoated mask (right). (B) Water droplet stuck on the tilted pristine mask (left) and rolling oﬀ the tilted CNT-coated mask (right). (C) Timedependent variation in the contact angle of a water droplet on the pristine mask and the CNT-coated mask. (D) Droplets of body ﬂuids on the
surface of CNT-coated masks and the contact angle values for each ﬂuid. (E) Time-lapse images of a water droplet falling onto a pristine mask
(left) and the CNT-coated mask (right), showing the droplet bouncing oﬀ the latter.

Figure 3. Photothermal performance of the masks. (A) Schematic of the setup used for photothermal studies. (B) Time-lapse thermal images of the
CNT-coated mask. (C) Human dummy wearing a CNT-coated mask showing the temperature increase at 1 sun intensity. (D) Surface temperature
measured by an IR camera against time for the pristine (black curve) and the CNT-coated (red curve) masks. (E) Reﬂectance spectra of the
pristine (black curve) and the CNT-coated (red curve) masks. (F) Temperature of the CNT-coated mask under multiple on/oﬀ cycles of 1 sun
illumination.

scanning electron microscopy (SEM) images of the PP ﬁbers
shown below. The mask turned black after the coating, and the
PP ﬁbers with an initially smooth surface were completely
covered with spiky nanostructures, which were conﬁrmed to be

bundles of SWCNTs on the basis of the characteristic
tangential (G, 1500−1600 cm−1) and radial breathing modes
(RBM, 160−300 cm−1) of SWCNTs in the Raman spectrum
(Figure 1C) as well as other spectroscopic measurements
C
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Figure 4. Antimicrobial and antiviral properties. (A) Detection of the antibacterial eﬀect (CFU mL−1) of the E. coli ATCC 25922 bacteria on the
pristine and the CNT-coated masks under dark and light conditions. (B) High-resolution confocal ﬂuorescence microscopy images of the live/dead
assay of E. coli ATCC 25922 stained with SYTO 9 and propidium iodide. (C) Number of viable E. coli bacteria calculated from CFUs after solar
illumination of the surfaces of the control (glass surface), pristine, and CNT-coated masks. Data are expressed as mean ± standard deviation values;
n = 3 independent experiments. (D) Changes in the concentration of the VPs on the control, pristine, and CNT-coated masks under dark and light
conditions. (E) Representative SDS-PAGE electrophoresis data for the control, pristine, and CNT-coated masks after the treatment of VPs under
light mode.

Figure 2D and Figure S9. As compared to the pristine mask,
the SWCNT-coated surface displayed outstanding repellency
against the tested body ﬂuids, causing the water droplet to
bounce oﬀ the surface (Figure 2E and Video S2). Furthermore,
to imitate respiratory droplets generated by sneezing or
coughing, which are primary reasons for the transmission of
the virus, a water jet containing small water droplets was
sprayed on a human dummy wearing the mask (Video S3).
The water droplets fell down immediately from the CNTcoated mask, suggesting its self-cleaning property, whereas the
droplets adhered on the pristine mask.
SWCNTs are known to exhibit a strong photothermal eﬀect
as demonstrated in previous studies on the photothermal
ablation of cancer cells and tumors.45−47 Therefore, we
investigated whether the photothermal property of CNTs
can be utilized to kill the viruses and bacteria that are not
completely repelled by the superhydrophobic surface. The
CNT-coated mask was placed under a solar simulator and
illuminated at 1 sun intensity while imaging the mask
temperature with an infrared (IR) camera as illustrated in
Figure 3A. Upon illumination, the surface temperature of the
CNT-coated mask increased rapidly to 90 °C within 30 s
(Figure 3B and Video S4). A similar result was obtained from a
human dummy wearing the CNT-coated mask, as shown in
Figure 3C.
In contrast, the temperature of pristine mask remained
below 40 °C even after 5 min of solar illumination (Figure
3D). The photothermal eﬀect beneﬁted from the high
absorption of light as conﬁrmed by the reﬂectance spectrum
(Figure 3E). Furthermore, the photothermal eﬀect of the
CNT-coated mask displayed excellent stability and reproducibility during the course of 10 illumination cycles (Figure 3F).
We also conﬁrmed that both the superhydrophobicity and the
surface microstructure of the mask were preserved after the
illumination cycles (Figure S10).

(Figure S5). Because the reduced porosity of the coated
nanotubes may aﬀect breathing, we measured the pressure
drop across the pristine and CNT-coated masks over a range of
air velocity (0−1.06 ms−1; Figure 1D) using a custom-built
setup (Figure S6). The breathability, as obtained from the
slope of the graph, was almost identical in both samples: 21.92
mm s−1 Pa−1 for the pristine mask and 21.91 mm s−1 Pa−1 for
the CNT-coated one. Compared to dip coating, the spraycoating methodology enables the deposition of a uniform and
conformal coating of the SWCNTs (Figure S7) even on a large
scale (Figure S8).
To understand the interaction of the mask with respiratory
droplets, the hydrophobicities of the pristine and the CNTcoated masks were examined in detail. The pristine mask
showed a static water contact angle of 113.6° ± 3.0°, but the
contact angle increased to 156.2° ± 1.8° for the CNT-coated
mask (Figure 2A). The superhydrophobicity of the CNTcoated mask is attributed to the spiky nanostructures of
hydrophobic CNTs that increase the surface roughness.39,40
The rolling behavior of the water droplets was investigated by
tilting the mask to validate the superhydrophobicity of the
CNT-coated mask (Figure 2B). A 10 μL water droplet on the
pristine mask did not move when the mask was tilted or even
inverted, whereas on the CNT-coated mask the droplet rolledoﬀ instantly at a sliding angle of 14° (Video S1). Furthermore,
the contact angle of the water droplet on the CNT-coated
mask was retained for 30 min, while that on the pristine mask
decreased by more than 35% after the same time (Figure 2C).
These results validate the robust superhydrophobicity of the
CNT-coated masks, which is important for providing
protection from respiratory droplets for an extended period
of time.
Since the transmission of virus or bacteria occurs mainly by
contact with body ﬂuids,41−44 we measured the static contact
angles of several body ﬂuids such as blood, sweat, urine, tears,
and saliva on the pristine and CNT-coated masks, as shown in
D
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solution to obtain a concentration of ∼108 particles mL−1 and
illuminated at 1 sun intensity. As shown in Figure 4D, the loss
of VPs on the CNT-coated mask was 99%, while the loss was
not signiﬁcant on the control glass surface and pristine mask.
The SDS-PAGE gel electrophoresis data further conﬁrmed the
antiviral property of the CNT-coated mask (Figure 4E). After
1 sun illumination, the bands for proteins with molecular
weights of ∼53 and ∼28 kDa (corresponding to CD63 and
CD9, respectively) clearly showed the presence of VPs on the
control and pristine mask, whereas no band was observed in
the case of CNT-coated mask, suggesting the removal of most
of the VPs from the surface.

For practical applications, it is important to test the
photothermal activity of the CNT-coated mask and also the
risk of skin burn while wearing it in the sun. The temperature
of the outer surface of the mask was monitored at 9 AM, 12
PM, and 3 PM while it was worn on a sunny day (Figure S8).
We found that the outer temperature while wearing did not
exceed 45.1 °C even at 12 PM when the intensity of the sun
was at its maximum. The temperature on the backside of the
mask contacting the skin was around 37 °C, which conﬁrms
that there is no risk of skin burn. However, when the mask was
removed and placed directly under sunlight for ∼1 min, the
temperature of the SWCNT-coated mask reached 60.9 °C,
which is a suﬃciently high temperature for the deactivation of
the SARS-CoV virus.18,48,49 In contrast, the temperature of the
pristine mask did not increase beyond 28.6 °C even after 5 min
of exposure. Therefore, it can be concluded that the SWCNTcoated mask enables photothermal sterilization with safety and
convenience. Additional sterilization may be achieved by
resistive heating or electrothermal process, when the density of
CNTs is high enough to form an electrically conductive layer
(Figure S11), at the expense of reduced air permeability.
We evaluated the antimicrobial activity of the CNT-coated
mask facilitated by the outstanding photothermal response by
counting the colony-forming units (CFUs). Figure 4A shows
the E. coli ATCC 25922 present on the pristine mask and
CNT-coated mask under dark (no sun illumination) and light
(1 sun intensity for 1 min) modes. In the case of the pristine
mask, there was no change in the bacterial population in either
mode (dark or light mode), whereas an eﬀective antimicrobial
activity was observed in the light mode for the CNT-coated
mask. The SYTO 9 (485/498 nm) and propidium iodide
(535/617 nm) ﬂuorescence-based live/dead assay of E. coli
ATCC 25922 further conﬁrmed the antimicrobial properties of
the mask. The high-resolution confocal ﬂuorescence images in
Figure 4B show the viable bacteria in the dark mode (left) and
light mode (right) after 1 min of solar illumination on the
pristine (top) and the CNT-coated (bottom) masks. Under
illumination, a large number of bacteria was killed in the case
of the CNT-coated mask as represented by the red color.
Quantitative analysis on the basis of CFUs showed signiﬁcantly
reduced bacterial viability in the case of the CNT-coated mask,
with an impressive ∼4 log (>99.99%) for E. coli, while the
controls showed insigniﬁcant antibacterial eﬀects (Figure 4C).
These results indicate that the CNT-coated mask shows a
remarkable self-sterilization property under solar illumination.
We also investigated the antiviral property of the CNTcoated mask using exosomes as virus-like particles (VPs).
Exosomes are extracellular vesicles that closely resemble the
virus in size and content. Both the SARS-CoV-2 virus (size:
∼100 nm) and the exosomes contain genetic materials,
proteins, and lipids from the host cells and have similar
biogenesis pathways, and they are released from the infected
cells after the fusion of multivesicular bodies with the plasma
membrane.50−52 Thus, these virus-like particles could be used
on the surface of the CNT-coated mask to examine its selfsterilization property and thus its reusability or recyclability.28
First, VPs derived from breast cancer MCF-7 cells were
isolated by an ultracentrifugation method and characterized by
nanoparticle tracking analysis (NTA) (Figure S12). We
determined the virucidal eﬃciencies of the CNT-coated
mask and pristine mask by measuring the particle concentration (number of particles mL−1) in the size range 30−200
nm through NTA. Puriﬁed VPs (30 μL) were inoculated in a
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CONCLUSION
During this COVID-19 pandemic, our study demonstrates a
technological advancement in the development of reusable
surgical masks. The present study shows that the commercially
available surgical masks have poor hydrophobicity and low
capacity to kill bacteria and viruses. We developed a simple
method of coating SWCNTs on the pristine PP ﬁbers of
surgical masks. The CNT-coated mask exhibits outstanding
superhydrophobicity and striking photothermal response and,
hence, antimicrobial and antiviral properties. The present study
demonstrates the excellent photothermal response and superhydrophobicity of CNT-coated masks, which can provide
better protection from incoming virus- or bacteria-containing
respiratory droplets and also enable rapid sterilization of the
surface containing viruses and bacteria under solar illumination. To the best of our knowledge, there are no previous
studies that utilize the spray coating of SWCNTs on the PP
ﬁbers of the surgical mask, which makes the mask surface
superhydrophobic, photothermal, bactericidal, virucidal, and
electrothermal. According to the World Health Organization,
discarded masks can become a source for the rapid spread of
viral infection. Therefore, reusable masks that can be easily
decontaminated or have antimicrobial and virucidal properties
can serve as a sustainable prevention tool against the rapid
spread of viruses while abating the economic and environmental costs.

■

MATERIALS AND METHODS

Materials. SWCNTs (HiPco SWCNTs, diameter, 0.8−1.2 nm)
were purchased from Nano Integris. Benzene and isopropanol were
purchased from Sigma-Aldrich and used as received.
Sample Preparation. The as-received SWCNT was dispersed in
benzene by sonication in an ultrasonic bath (BRANSON 2510,
Marshall Scientiﬁc) for 60 min. The concentration of the SWCNTs
was optimal at 2.5 mg mL−1, exhibiting a uniform surface coverage of
the SWCNTs (Figure S4). Before spray-coating, the SWCNT
suspension was vigorously stirred for 1 min on a vortex mixer
(WiseMix VM-10) to redisperse any SWCNTs aggregates. The
obtained suspension was uniformly coated on bare surgical masks
using a manual spray-coater. The spray-coated samples were then kept
in a vacuum oven maintained at constant temperature (80 °C) for 30
min. These samples were further ultrasonicated in benzene for 1 min
to remove excess SWCNTs that were not directly bound to PP ﬁbers,
which helped preserve the air permeability and also reduce the risk of
inhaling SWCNTs while breathing. The mask was dried again in the
oven to ensure the complete removal of the benzene. As we have
mentioned that heat treatment helps to remove the benzene from the
mask surface completely, to prove out point, we also performed
thermogravimetric analysis (TGA) (TA Instruments Q-600) of the
SWCNTs-coated PP ﬁber sample. The TGA graph of the sample
heated at 80 °C in nitrogen reveals no weight loss until 150 °C, which
implies the successful removal of all the benzene molecules (Figure
E
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S3). We also performed an experiment to test whether the nanotubes
were detached from the mask by a gas ﬂow, as shown in Figure S4. In
this experiment, a CNT-coated mask was placed on a mixed cellulose
esters (MCE) membrane with average pore size of 25 nm, and the
mask was blown with high-pressure nitrogen gas for 1 h while
applying a vacuum suction to the MCE membrane to collect any
CNTs detached from the mask. We did not ﬁnd any CNTs on the
membrane by SEM inspection and Raman spectroscopy.
Characterization. The surface morphology of the samples was
examined with a scanning electron microscope (Cold FE-SEM S4800, Hitachi High Technologies Ltd.) at 1 kV voltage and 7 μA
current. The Raman spectra were recorded (ALPHA300R, WITEC)
on a ultrahigh-throughput spectrometer (UHTS) over the scanning
range 100−3500 cm−1. FT-IR spectroscopy (Varian, Agilent
Technologies) was performed over the scanning range f 700−4000
cm−1 to investigate the distribution of oxygen functional groups on
the samples. X-ray photoelectron spectroscopy (XPS) was performed
on a K-Alpha XPS system (Thermo Fisher Scientiﬁc) equipped with
double focusing hemispherical analyzer and monochromatic Al Kα
source (1486.6 eV). The narrow-scan spectra were acquired in a
constant analyzer energy mode with a pass energy of 25 eV. Sample
charging was compensated with the system ﬂood gun, which emits
low-energy electrons. The vacuum of the main chamber was
maintained at 1 × 10−9 mbar during the entire measurement. The
Thermo Scientiﬁc Avantage software was used for the digital
acquisition and processing of data. Spectral calibration was performed
by the automated calibration routine, using the internal Au, Ag, and
Cu standards supplied with the K-Alpha system. The chemical
characteristics of the samples were determined by deconvoluting the
high-resolution XPS proﬁles using the XPS Peak ﬁt 4.1 software. The
diﬀuse reﬂectance spectra of the pure and CNT-coated melt-blown
PP ﬁbers were recorded at room temperature in the range 200−800
nm on an UV−vis spectrophotometer (Agilent Technologies Cary
5000) equipped with an integrating sphere. A BaSO4 pellet was used
as the reference.
To examine the wetting properties of the samples, images of sessile
water drops were acquired with a Ramé-hart instrument and analyzed
with the DROPimage Advanced version software. For the static
contact angle measurements, 5 μL droplets of deionized water (18.2
MΩ cm) were used. For the contact angle measurements with body
ﬂuids (water, blood, sweat, tear, saliva, and urine), 10 μL droplets of
the ﬂuids were used. The contact angle on each type of surface was
measured after 15 s following the casting of the drop to ensure that
the droplet had reached its equilibrium position, and the values
measured from diﬀerent locations on the sample surface were
averaged. This blood related study was reviewed and approved by the
Institutional Review Board of Ulsan National Institute of Science and
Technology (UNISTIRB-19-38-C), Republic of Korea.
For photothermal measurements, a solar simulator (Model 10500,
ABET Technologies) was used as the sunlight source (1 sun
intensity) at a distance of ∼12 cm from the sample. The surface
temperatures of the samples were measured with two Fluke TiS55 and
FLIR Infrared cameras.
For electrothermal measurements, a DC power supply (Model
N5769A, Keysight Technologies) was used as the power source at a
distance of ∼10 mm on the specimen. The surface temperature of the
specimens was measured using data acquisition (Model DAQ970A,
Keysight Technologies) and IR camera (FLIR Infrared Cameras).
Diﬀerential Pressure. The diﬀerential pressure was determined
using a customized experimental setup that includes a data acquisition
(DAQ), pressure transducers, gas mass ﬂow controllers (0−5 L
min−1), and a test ﬁlter assembly. The test ﬁlter assembly consists of a
pipe screw setup in which the samples (10 mm diameter) were placed
between the two O-rings and sealed tightly to prevent any leakage.
Then, compressed air was ﬂown at a constant rate (0−5 L min−1),
which is similar to that experienced during human respiration,
accounting for the smaller sample cross-sectional area compared to
that of a full face mask. The air ﬂow rate was measured using a mass
ﬂow meter (SFM3300; Sensirion AG), and the pressure drop was
measured using a Sensys Korea pressure transducer (PTBH ±
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100RGPA-FC) and a DAQ system (Agilent, Keysight Technologies34970A).
Analysis of the Antimicrobial Activity. The antibacterial eﬀect
of the CNT-coated mask was determined using E. coli. E. coli ATCC
25922 from a stock was streaked onto a Luria−Bertani (LB) agar
plate (Difco Generic LABWARE, Beckton Dickinson, Seoul, Republic
of Korea) and incubated at 37 °C with 5% CO2. The isolated colony
that appeared after 18 h of incubation was inoculated in 10 mL of the
Luria Broth (LB) medium and incubated at 37 °C and 150 rpm until
the logarithmic phase was achieved with a concentration in the range
1.0 × 108−1.0 × 109 CFU mL−1 (CFU: colony forming unit).
Approximately 100 μL of the bacterial suspension (1 × 109 CFU
mL−1) was placed on the outer surface of the CNT-coated mask and
was treated with solar irradiation (1 sun intensity, 1 min). After the
treatment, the bacterial solution on the CNT-coated mask surface was
serially diluted by 101−106-fold in sterile PBS and cultured on an LB
agar plate. The cultured plate was incubated at 37 °C with 5% CO2
for 18 h. The experiment was performed in triplicate.
Live Dead Assay. The bacteria that was treated in the dark and
light modes was determined by live dead assay. Bacteria was collected
from the respective mask after treating in the light and dark modes.
SYTO9 and propidium iodide were mixed in equal volume, and 3 μL
of the mixture was added in the bacterial solution. It was incubated in
dark at room temperature for the 15 min. The cell was imaged by
confocal microscopy at excitations/emissions of SYTO9 (485/498)
and propidium iodide (490/635).
Cell Culture. A T75 cell culture ﬂask (Corning, NY) was used to
culture 5 × 106 cells in 18 mL of a Roswell Park Memorial Institute
medium (RPMI, Gibco, Thermo Fisher Scientiﬁc) supplemented with
10% fetal bovine serum (FBS; Systems Biosciences Inc.), and 1%
antibiotics/antimycotics (100 U mL−1 penicillin and 100 mg mL−1
streptomycin) and incubated at 37 °C in 5% CO2 for the isolation of
the VPs until the conﬂuency reached 60−70%. After the conﬂuent
growth, the cell was washed with 1× PBS. Then, the cell was replaced
with the RPMI medium, supplemented with 10% exofree FBS (and
1% antibiotics/antimycotics (100 U mL−1 penicillin and 100 mg
mL−1 streptomycin), and incubated for 48 h at 37 °C in 5% CO2. The
cell culture supernatant (CCS) was collected for the isolation of the
exosomes by the ultracentrifugation method.
Ultracentrifugation Method. The collected CCS was centrifuged at 300g for 10 min to remove the cellular debris. The
supernatant obtained after the removal of the debris was further
centrifuged at 2000g for 20 min. The resultant supernatant was
centrifuged at 20 000g for 1 h at 4 °C using 50 mL Nalgene
polypropylene high-speed centrifuge tubes. Then, the supernatant was
transferred to new ultracentrifuge tubes and centrifuged at 120 000g
for 2 h at 4 °C in a Ti45 ﬁxed angle rotor (Beckman Coulter). The
supernatant was discarded, and the exosome pellet was collected and
resuspended in 1 mL of preﬁltered PBS and then transferred to 1.2
mL polycarbonate ultracentrifuge tubes. It was then centrifuged at
120 000g at 4 °C for 2 h in an MLA-130 ﬁxed angle rotor (Beckman
Coulter). Thereafter, the pellet was resuspended in preﬁltered PBS
(ﬁlter pore size: 200 nm) and stored either at 4 °C for immediate use
or at −80 °C for further use. Bicinchoninic acid assay (BCA) was
performed for the characterization of the exosomes (see Figure S12).
Nanoparticle Tracking Analysis. To count the number of
exosomes and determine their size distribution, NTA was performed.
The exosomes were diluted in a particle-free PBS (ﬁlter pore size:
0.02 μm), and ∼0.6 mL of the exosome suspension was loaded in the
sample chamber of the NTA system (Malvern Analytical NanoSight
N500 Instrument) equipped with a 405 nm laser. The number of
particles per video was maintained between 100 and 2000. Videos of
30 s duration were recorded by adjusting the camera level to 14 and
the detection threshold to 7. NTA 2.1 software (Nanosight) on the
automatic mode for camera focus, shutter, blur, minimum track
length, minimum expected size, and maximum jump length was used
for the data analysis.
SDS-PAGE Gel Electrophoresis. VPs pellet was lysed in RIPA
buﬀer with a protease inhibitor. The VPs lysate was mixed with a
nonreducing loading buﬀer buﬀer (Cell Biolabs) and were boiled for
F
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15 min at 95 °C. Then, they were loaded on a 10% SDS-PAGE gel
(Pierce, Rockford, IL) in a Mini-Protean TGX electrophoresis
apparatus (Biorad) that contains the running buﬀer to separate the
lysates. After the completion of electrophoresis, the gel was stained
with Coomassie stain to verify the protein band.
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