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ARTICLE INFO ABSTRACT
Keywords: Outbreaks of airborne pathogens pose a major threat to public health. Here we present a single-step nanocoating
COVID-19 process to endow commercial face mask filters with photobiocidal activity, triboelectric filtration capability, and
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washability. These functions were successfully achieved with a composite nanolayer of silica-alumina (Si-Al)
sol-gel, crystal violet (CV) photosensitizer, and hydrophobic electronegative molecules of 1H, 1H, 2H, 2H-per-
fluorooctyltriethoxysilane (PFOTES). The transparent Si-Al matrix strongly immobilized the photosensitizer
molecules while dispersing them spatially, thus suppressing self-quenching. During nanolayer formation,
PFOTES was anisotropically rearranged on the Si-Al matrix, promoting moisture resistance and triboelectric
charging of the Si-Al/PFOTES-CV (SAPC)-coated filter. The SAPC nanolayer stabilized the photoexcited state of
the photosensitizer and promoted redox reaction. Compared to pure-photosensitizer-coated filters, the SAPC
filter showed substantially higher photobiocidal efficiency (~99.99 % for bacteria and a virus) and photo-
durability (~83 % reduction in bactericidal efficiency for the pure-photosensitizer filter but ~0.34 % for the
SAPC filter after 72 h of light irradiation). Moreover, after five washes with detergent, the SAPC filter maintained
its photobiocidal and filtration performance, proving its reusability potential. Therefore, this SAPC nanolayer
coating provides a practical strategy for manufacturing an antimicrobial and reusable mask filter for use during
the ongoing COVID-19 pandemic.

1. Introduction threatened public health in various forms, from severe acute respiratory
syndrome in 2002, to pandemic influenza A in 2009, to Middle East

Controlling airborne microorganisms (called bioaerosols) is vital for respiratory syndrome coronavirus in 2012 and COVID-19 in 2019 [1-4].
protecting public health. In the 21st century, bioaerosols have COVID-19 is still an ongoing threat, with more than 310 million
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infections and 5.4 million deaths worldwide (as of 11 January 2022) [5].
Air filters are used in several devices, such as face masks, air purifiers,
and ventilation systems, to suppress the spread of pathogens. In
particular, face masks are the last redoubt protecting the respiratory
tract, but their role is merely to block airborne pathogens physically.
The bioaerosols captured on fibers can cause cross-contamination or
diffuse out during disposal and recycling;[6] therefore, there is a need to
develop innovative bioaerosol-inactivating materials. Various advanced
fibers composed of organic or inorganic antimicrobial materials, such as
copper, silver nanoparticles, chitosan, and natural products, have been
developed to filter against bioaerosols [7-9]. However, these air filters
effectively inactivate only microorganisms in direct contact with anti-
microbial agents; therefore, their effectiveness gradually decreases as
dust accumulates over the antimicrobial material. In addition, conven-
tional filter disinfection technologies based on ultraviolet (UV) irradia-
tion, plasma, and thermal energy have been developed; however, these
technologies require additional energy and devices [10-12].

Recently, visible-light-driven (VLD) biocidal technologies, based on
sunlight or indoor light energy, have been a focus of research in the field
of photocatalysis [13,14]. VLD biocidal surfaces or air filters have been
prepared using photosensitizing dyes such as triarylmethane, pheno-
thiazine, and xanthene derivatives [15,16]. The dyes absorb visible
photons and become photoexcited, triggering the generation of reactive
oxygen species (ROS). The oxidative ROS can enable non-selective
disinfection of pathogens by damaging the cell membrane, DNA, and
RNA [17]. The photosensitizing dyes are inexpensive and have various
applications; however, because of their high affinity to water, they easily
leach into the environment when they come into contact with moisture
[18]. To become incorporated into polymer fibers, the dyes need to be
firmly immobilized to guarantee the durability and washability of the
fibers. Several researchers have reported techniques for immobilizing
dye, such as the physical trapping of dyes based on the polymer swelling
effect [19,20] and surface modification-assisted dyeing for enhanced
electrostatic adsorption [14,15]. However, such manufacturing pro-
cesses are generally time consuming and may produce a large amount of
unbound material as waste during washing. Thus, in the current
pandemic, a novel approach to VLD biocidal functionalization is ur-
gently required for bio-protection fields in pandemic era.

Commercial face masks are generally disposable because they lose
their filtration properties during washing. This resulted in a shortage of
face masks during the initial phase of the COVID-19 pandemic [21].
However, once the supply of face masks stabilized, discarding the
generated mask-waste became an environmental problem. In addition,
because of concerns over airborne transmission, the consumption of air
filters has increased exponentially, leading to more waste [22]. There-
fore, given these environmental and economic impacts, constructing a
washable antimicrobial filter with regenerable filtration properties has
become vital.

We introduce a novel fiber functionalization method that uses silica-
alumina sol-gel (SAS) to endow face masks with a fibrous membrane for
photocatalytic biocidal activity and reusability. The transparent SAS
matrix immobilizes crystal violet (CV) photosensitizer dye and binds
electronegative 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (PFOTES)
molecules to its surface. Moreover, the SAS matrix enhances the dis-
persity of the photosensitizers (suppressing self-quenching) and protects
them from degradation by ROS, enhancing the photodurability.
Compared to a CV alone, the SAS/PFOTES-CV (SAPC) nanolayer pro-
duced more ROS via enhanced redox reaction and showed excellent
bactericidal/virucidal efficiency (~99.99 %) under visible light irradi-
ation (3 h, 7.2 mW cm™~2). Moreover, PFOTES bonded to the SAS thin
film increased water resistance and triboelectrification ability of the
filter. The SAPC filter maintained its filtration and antimicrobial prop-
erties after cyclic washing tests, which demonstrates that the excellent
reusability. Our SAPC-based nanocoating technology is applicable to
various textiles used in face masks and protective clothing, and can
control the spread of COVID-19 and other airborne contagious diseases.
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2. Materials and methods
2.1. Preparation of the silica-alumina sol-gel

The SAS was prepared from aluminum tri-sec butoxide (97 %; Sigma-
Aldrich, USA), acetylacetone (99 %; Sigma-Aldrich), anhydrous 2-prop-
anol (99.5 %; Sigma-Aldrich), methyltrimethoxysilane (95 %; Sigma-
Aldrich), and 3-glycidylpropyltrimethoxysilane (GPTMS, 97 %; Sigma-
Aldrich). First 20 g aluminum tri-sec butoxide, 5.4 g acetylacetone,
and 5.4 g anhydrous 2-propanol were mixed and oil-bathed to form
sol A. Then 30 g methyltrimethoxysilane, 17.3 g GPTMS, and 34 g
anhydrous 2-propanol were mixed and oil-bathed to form sol B. Subse-
quently 21 g sol A was added to sol B, after which 37 g filtered water was
added to form the SAS. The composite was refluxed at 80 °C for 12 h and
then aged at room temperature for >24 h.

2.2. Preparation of the VLD antimicrobial filter

The SAS coating solution was prepared with a 10 wt% ethanol base
concentration, and 1 wt% PFOTES (Sigma-Aldrich) was added to the
solution to form SAS/PFOTES. Then 3 mM CV (Sigma-Aldrich) was
mixed under steady agitation to form SAPC. Polypropylene melt-blown
fabric with a basis weight of 32 g m~2 was procured from Filter Factory
(CNS Industry, Suwon, Korea) (Table S1). All filter media were cleaned
successively with acetone, ethanol, and isopropyl alcohol in an ultra-
sonic bath for 15 min each, and then oven-dried at 50 °C. The cleaned
filters were treated with Oy plasma for 3 min and dip-coated into the
SAPC solution at a withdrawal rate of 0.5 mm s~ ! (Fig. S1). The coated
filters were cured at 50 °C for 2 h. The SAPC filters were rinsed with
deionized water to remove residues and rounded to a 25.4 mm diameter
to evaluate filtration and VLD antimicrobial performance.

2.3. VLD antimicrobial test

VLD antimicrobial performance was evaluated with two bacterial
strains (e.g., Gram-positive Staphylococcus epidermidis (S. epidermidis,
Korean Collection for Type Cultures 1917) and Gram-negative Escher-
ichia coli (E. coli, Korean Collection for Type Cultures 1039)) and MS2
bacteriophage (American Type Culture Collection 15597-B1). S. epi-
dermidis and E. coli were incubated in a nutrient broth (beef extract 0.3
% and peptone 0.5 %; Becton Dickinson, USA) at 37 °C in a shaking
incubator for 18 h. When the bacterial medium reached an optical
density of ~0.6 at 600 nm, the bacteria were harvested via centrifuga-
tion (4,000xg, 15 min); washed in 10 mL phosphate-buffered saline
(PBS) to remove undesirable broth; and then centrifuged to obtain the
bacterial suspension, which then was resuspended in 10 mL PBS. The
bacterial suspension was diluted to obtain ~10% GFU (colony forming
unit) mL ™. Host E. coli strain C3000 (American Type Culture Collection
15597) and MS2 bacteriophage were dispersed in tryptic soy broth
(Difco Laboratories, Detroit, MI, USA) and incubated overnight at 37 °C
in a shaking incubator. Then chloroform was added at a volume equal to
the volume of the culture suspension and centrifuged (4,000 xg, 20 min).
The supernatant was extracted and transferred to 10 mL tryptic soy
broth to prepare the bacteriophage solution. MS2 bacteriophage was
assayed through the single agar layer method [23]. MS2 bacteriophage
(0.1 mL) and log-phase host E. coli C3000 (0.3 mL) were mixed with
29.6 mL soft tryptic soy agar (Difco Laboratories). The tryptic soy agar
mixture containing the bacteriophage was poured into 150 mm Petri
dishes and then incubated at 37 °C until plaques became visible. The
viral titer of the prepared bacteriophage solution was estimated to be
~10'2PFUmL .

As shown in Fig. S2, 30 pL of the bacterial or bacteriophage solution
was inoculated onto the control and SAPC filter surfaces, and then the
samples were placed in a moisture box with a transparent glass cover.
Sterilized wet cotton was also prepared to maintain constant humidity.
The samples were then placed at a distance of 50 mm from an LED lamp
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(CLA60 9.5 W; Osram; 400-800 nm wavelength) and illuminated at an
intensity of 7.2 mW cm ™2, while an equal set of samples was kept in a
dark box for the desired number of hours (Fig. S3). The resulting bac-
teria and bacteriophage samples were placed in 10 mL PBS and tryptic
soy broth, respectively, and vortexed for 3 min to extract microbes from
the samples into a suspension. The resulting bacterial suspension was
serially diluted onto a nutrient agar plate (0.3 % beef extract and 0.5 %
peptone; Becton Dickinson) and incubated at 37 °C for 24 h. The
resulting bacteriophage suspension was serially diluted and plated using
the single agar layer method. The antimicrobial efficiency was calcu-
lated using Eq. (1):

Antimicrobial efficiency =1 — C/C, (@D)]

where C and C, are viable bacterial colonies or plaques from the SAPC
and control filters, respectively.

2.4. VLD antimicrobial test against S. epidermidis aerosols

Fig. S4 shows the experimental configuration for supplying S. epi-
dermidis bacterial aerosols to clean and dust-loaded SAPC filters. The
prepared S. epidermidis solution was placed in a Collison nebulizer (BGI,
Waltham, MA, USA) and aerosolized with clean air. During the aero-
solization process, undesirable moisture was removed with a diffusion
dryer, and bacterial particles were supplied to the test filter at a face
velocity of 5.3 cm s™. The bacterial particle-deposited samples were
placed in the aforementioned moisture box and exposed to visible light
for 3 h while an equal set was placed in the dark box. The resulting
samples were placed in 10 mL PBS containing 0.01 % Tween 80 and run
through an extraction process (5 and 3 min of vortexing and sonication,
respectively) to transfer the bacterial particles from the samples to PBS
suspension. Finally, the suspension was serially diluted onto a nutrient
agar plate and incubated at 37 °C for 24 h to determine CFU
concentration.

2.5. Filtration test

MS2 bacteriophage aerosols were used to evaluate the filtration
performance of uncharged and charged SAPC filters (Fig. S4). The pre-
pared MS2 bacteriophage solution was purified via centrifugation at
6000xg for 20 min (Vivaspin 20; Sartorius Stedim Biotech) to remove
undesirable nutrients and microbial by-products. Then 1 mL of the
bacteriophage suspension was mixed with 9 mL of deionized water. The
bacteriophage suspension was aerosolized by a Collison nebulizer and
the bacteriophage particles were supplied to the test filters at a face
velocity of 5.3 cm s~ 1. The size distribution and number concentration of
MS2 bacteriophage aerosols were measured with a scanning mobility
particle sizer (model 3082; TSI, Shoreview, MN, USA). The filtration
efficiency (n) was calculated using Eq. (2):

n=1- Courler/ Cinler (2)

where Ciner and Coyer represent the particle number concentration
(particles cm’sair) of bacteriophage aerosols at the filter holder inlet and
outlet, respectively.

2.6. ROS classification

The mechanism of VLD antimicrobial effects was evaluated with ROS
scavengers or quenchers. Catalase, L-histidine, mannitol, and superox-
ide dismutase were purchased from Sigma-Aldrich. Catalase
(2,000-5,000 units mg’1 protein) was used at a concentration of 6-14
units mL ™! in bacterial suspension to remove hydrogen peroxide. I-his-
tidine was used as a singlet oxygen (O5) quencher at a concentration of
2 mM in bacterial suspension. Mannitol was used at a concentration of
82 mM in bacterial suspension to eliminate hydroxyl radicals ("OH).
Superoxide dismutase was used at a concentration of 20 units mL ™! in
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bacterial suspension to remove superoxide radicals (O3"). S. epidermidis
bacterial suspensions (~2.2 x 10° CFU mL™!) containing a ROS scav-
enger or quencher were maintained in 3 mL glass bowls. SAPC filters
were submerged in each bacterial suspension and irradiated with visible
light at an optical power of 7.2 mW cm ™2 for 4 h. The resulting bacterial
suspension from each test was serially diluted onto a nutrient agar plate
and incubated at 37 °C for 24 h. The bacterial colony concentration (CFU
mL 1) was determined for ROS classification.

2.7. Surface characterization

To analyze the surface of the VLD antimicrobial filter, we performed
attenuated total reflection— Fourier-transform infrared (FTIR) spectros-
copy (iS10; Thermo Fisher Scientific, USA) using a diamond crystal kit.
Each specimen was analyzed over 32 scans with a resolution of 4 cm ™2,
providing spectra in the range of 650-4,000 cm™'. The surface of the
VLD antimicrobial filter was characterized via X-ray photoelectron
spectroscopy (XPS). Specimens were analyzed with an X-ray photo-
electron spectrometer (NEXSA; Thermo Fisher Scientific) with Al K-
alpha source (1,486.6 eV) in the range of 0-1,250 eV and at an angle of
90°. For in-depth profiling measurement, the surface was etched using
an Ar ion source (0.5 KeV) at 20 and 60 s intervals for steps 1-14 and
steps 15-29, respectively. The surface potential of the tested filter was
measured with an electrostatic tester (FMX-004; Simco, Kobe, Japan)
that could measure static voltages in the range of 0 to +30 kV with an
accuracy of £10 %.

2.8. Photometric measurements

All UV-vis absorbance spectra were obtained with a UV-vis-NIR
spectrometer (UV-3600Plus; Shimadzu, Japan). All absorbance mea-
surements of the filter samples were conducted with specular compo-
nent inclusion methods with an integrating sphere accessory (60 mm
inner diameter, BaSOj4). Steady-state photoluminescence (PL) spectra at
a wavelength of 600-800 nm were measured with a spectrophotometer
(Fluorolog-3; Horiba Scientific, Japan) under 532 nm excitation. A time-
resolved PL lifetime study was performed with an inverted-type scan-
ning confocal microscope (SP8 FALCON; Leica Microsystems, Germany)
with a 40x (air) objective lens. A picosecond laser line (594 nm, 40
MHz) from a white-light laser was used as an excitation source. A hybrid
photon detector was used to collect emissions in the range of 600-750
nm from the samples. Fluorescence lifetime images of 512 x 512 pixels
were simultaneously recorded with a galvo stage and time-correlated
single-photon counting. Exponential fittings for the recorded fluores-
cence decays were applied using Leica software (LAS X v.3.5.5). Singlet
oxygen (10,) phosphorescence was measured with a near-infrared sen-
sitive thermoelectrically cooled photomultiplier. The test filters were
placed onto a glass slide and irradiated with a neodymium-doped
yttrium aluminum garnet laser operating at 532 nm. 10, phosphores-
cence was measured at a wavelength of ~1270 nm with a PC-mounted
multi-scaler board with a pre-amplifier (MSA-300; Becker-Hickl, Ger-
many) as the photon counter. Then the data were analyzed with FluoFit
(PicoQuant, Germany).

2.9. Microscopic measurements

The morphologies of the samples were characterized via field-
emission scanning electron microscopy (SEM) (MIRA3 LM; TESCAN,
Czech Republic) under an accelerating voltage of 5.0 kV. Elemental
distribution was obtained via energy-dispersive X-ray spectroscopy
(EDS) coupled with field-emission SEM. Atomic-resolution EDS
elemental maps of F and Al were collected. The image of the MS2
bacteriophage particles obtained using a transmission electron micro-
scopy (Titan F20G; FEIL, Hillsboro, OR, USA).
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2.10. Water contact angle

The equilibrium water contact angles of the CV and SAPC filters were
determined with a drop-shape analysis system (DSA100; KRUSS, Ger-
many) in static mode with 4 pL deionized water droplet. The angle was
measured at three locations on the test filter surface, and then the im-
ages were analyzed.

2.11. Leaching and washability test

For the leaching test, SAPC filters with various concentrations of SAS
(wt%) were cut to 3 x 3 cm and vortexed in 15 mL of deionized water.
The residue leached in deionized water was analyzed via UV-vis spec-
troscopy. A washability test was conducted according to American
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Association of Textile Chemists and Colorists Test Method 61-2003. A
commercial face mask and SAPC filters were immersed in 200 mL of
deionized water with 0.37 % detergent. The mixture was stirred (40
rpm) for 45 min at 40 °C, and then the samples were rinsed with
deionized water to remove residues. The samples were dried for 3 min at
60 °C, after which filtration and antimicrobial performance were eval-
uated for several cycles.

3. Results and discussion
3.1. Fabrication of the SAPC air filter

We consider the following factors in the development of our reusable
VLD biocidal air filter: (i) leaching of photosensitizers, (ii)

‘ﬁ Home
ﬁ Offices
ﬁ Hospital

5 Airborne pathogen
@ Particulate matter

Clean air ® ROS

SAPC . /<" Water
nanolayer 2 . ! repellent

" Hydrophobic
*" Surface

No crack &
Defects

Fig. 1. Fabrication and function of the SAPC filter. (a) Schematic of the SAS-based nanocoating process. (b) Illustration of the broad applications of the SAPC filter
with VLD biocidal activity. (c) UV-vis spectra of the CV, PFOTES, SAS, and SAPC solution. (d) Cross-sectional SEM image of the SAPC nanolayer on filter fibres
(middle); descriptions of its photobiocidal (left) and hydrophobic/triboelectric (right) characteristics. (e) Photographs and SEM images of a pristine filter (i-iii) and
the SAPC filter (iv-vi). (f) Folding test of the SAPC filter; photograph of the folded SAPC filter (left) and SEM images of the marked area (middle and right). (g)
Prototype for the face mask application. (h) Demonstration of a large-scale 120-cm-long SAPC filter.
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photodurability, (iii) regenerable filtration performance, and (iv) prac-
tical processibility. Our air filter incorporates a transparent and tribo-
electrically activated nanolayer in which photosensitizers are stably
immobilized by electrophysical interactions.

The photobiocidal-triboelectric air filter was fabricated via a single-
step nanocoating technique (Fig. 1a and S1). The coating solution con-
sisted of SAS, PFOTES, and CV homogeneously dispersed in an ethanol
base. The overall process consisted of dipping and curing. The methods
are detailed in the Methods section. First, we synthesized a transparent
SAS coating solution, which ensured the stable immobilization and
uniform dispersion of CV dye during condensation polymerization. The
SAS consisted of Al sol and GPTMS as a coupling agent. These constit-
uents enhanced the mechanical and flexible properties of the SAS
through the ring-opening of glycidyl silane and promoted the formation
of linear siloxanes and polymerization [24,25]. Consequently, SAPC
could form a nanolayer and fasten the CV onto the fiber surface within a
short time and at low temperatures. The SAPC nanolayer could provide
VLD biocidal activity over the fiber surface without compromising the
filtration and air permeability functions of the fibrous membrane

Chemical Engineering Journal 440 (2022) 135830

(Fig. 1b). Thus, the SAPC filter can be utilized in homes, offices, and
hospitals under indoor light conditions to improve the quality of the
indoor air against airborne pathogens.

As shown in the UV-vis spectra (Fig. 1c), the maximum absorption
wavelength (Aax) of the SAPC solution appeared at 590 nm, consistent
with the absorption wavelength of the CV, which indicates that the light
absorption property of the CV was not influenced by the SAS or PFOTES.
Fig. 1d shows a SEM image of the cross-section of the SAPC nanolayer
covering the fiber and demonstrates its key functions (in purple). The CV
immobilized inside the transparent SAS matrix produced ROS via a
photochemical reaction, endowing the filter with bactericidal/virucidal
properties. In addition, PFOTES enhanced the moisture resistance and
provided high-electronegativity fluorinated surfaces favorable to tribo-
electric effects.

SEM results revealed that the SAPC nanolayer was stably produced
on the surface and maintained its intrinsic physical structure without
pore clogging (Fig. 1e). The EDS mapping results of the SAPC filter
showed the presence of both aluminum (Al; blue-green dots) and fluo-
rine (F; yellow dots) over the fiber surface (Fig. S5). Fig. 1f shows SEM
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Fig. 2. Physical and structural characteristics of the SAPC filter. (a) Photos and (b) UV-vis spectra of the leaching solution by SAS concentration. (c) Pressure drop
curves of filters prepared with different concentrations of SAS. (d) Static water contact angle measurements; sessile drop test results for the CV filter (top left) and
SAPC filter (top right); red pigment was added for visuality. (e) FTIR spectra of the control and SAPC filters. (f) Diffuse-reflective UV-vis spectra of the SAPC, CV, and
SAS filters. XPS depth profiling of the SAPC filter: (g) Si 2p, (h) Al 2p, ()N 1s, (j) F1s, and (k) C 1 s spectra. (1) Schematic of the SAPC layer structure. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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images of the folded SAPC filter. The folded fiber surfaces exhibited no
cracks, which indicates good flexibility of the SAPC nanolayer, suitable
for the manufacturing of pleated filters. These characteristics of the
SAPC fibers are suitable for application as face masks and the demon-
stration using SAPC filter for face mask design is shown in Fig. 1g.
Moreover, the proposed coating method is easy to scale up and appli-
cable to various fabrics, such as polyester, cotton, and nylon (Fig. 1h and
S6).

3.2. Physical stability and structural characteristics of the SAPC
nanolayer

Given the importance of a waste-free, environmentally sustainable
filter functionalization process, we conducted a leaching test to quan-
titatively determine the amount of unbound residue washed away from
as-coated filters. Fig. 2a displays the first leaching solutions obtained
from filters prepared with various concentrations of SAS (wt%). Con-
centrations of the CV and PFOTES were fixed at 3 mM and 1 wt%,
respectively, and the SAS-free filter (hereafter “CV filter”) was fabri-
cated via the swell-encapsulation-shrink method [20]. As the concen-
tration of SAS increased, the amount of leached dye decreased
significantly. The UV-vis spectra of each leaching solution showed the
outstanding dye immobilization ability of the SAPC matrix (Fig. 2b).
Based on the Apay of 590 nm, the amount of CV leached from the filter
with 10 wt% SAS (0.008 ppm) was less than that from the CV filter (15
ppm). No residues were observed at higher concentrations of SAS, which
demonstrates the eco-friendliness of our coating method. In addition,
the air filter quality was affected by pressure drop. Because pressure
drop is an important indicator of the energy efficiency of a filter, pore
clogging should be avoided during the coating process. The pressure
drop values of the filters with 5 and 10 wt% SAS were comparable to
those of the pristine filter (i.e., the control), whereas that of the filter
with 20 wt% SAS was only 12.9 % higher (Fig. 2c). Therefore, the
optimal SAS concentration for not damaging the air permeability of the
filter was 10 wt%; an insignificant increase in pressure drop was also
verified when the SAPC coating was applied to various commercial face
mask layers (Fig. S7).

A drawback of using CV is its poor moisture stability [26]. However,
the hydrophobic nature of PFOTES greatly improved the moisture
resistance of the SAPC filter. The filter had a high water contact angle of
144.3°, whereas the CV filter was completely wet (Fig. 2d). The
enhanced hydrophobicity mitigated the affinity of the dye to water,
thereby inhibiting leaching (Fig. S8 and Movie S1). In addition, PFOTES
containing perfluorinated compounds may be regarded as hazardous
substances, and therefore should not be separated from the SAPC layer.
Accordingly, we confirmed the binding stability of the SAPC by evalu-
ating the leaching and fragmentation potential under harsh conditions
(Table S2 and Fig. S9).

The main functional groups in the SAPC thin film were characterized
via FTIR spectroscopy (Fig. 2e). Unlike the control spectrum, the SAPC
filter spectrum showed major peaks of siloxane (1,000-1,100 cm ™), Si-
CH3 (1,270 em ™), CF3 (1,241 em ™), and CF; (1,197 em ™) [27,28]. A
vibration band at 1,589 ¢cm™' and stretching band at 1,167 cm!
confirmed the presence of aromatic rings and carbon rings of CV,
respectively (Fig. S10) [29].

The light absorption properties of the SAS, CV, and SAPC filters were
explored via diffuse-reflective UV-vis spectroscopy. The Apax of the SAS
filter appeared in the UV region (~300 nm), with negligible absorbance
in the visible light region (400-800 nm; Fig. 2f). The optical trans-
parency of the SAS matrix was favorable to the VLD photochemical re-
action of the CV. The CV filter showed a high-intensity H-dimeric band
at 558 nm because of the stacking of vertically oriented CV molecules
and high-order aggregates [30]. Because the dimerization of CV inhibits
electron or energy transfer by self-quenching photoexcited CV, it is
unfavorable to ROS generation [16,30]. However, the SAPC filter
showed a monomeric band at 590 nm, the same as that exhibited by the
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solution form, which indicates dimerization inhibition [31]. It is
attributable to the improved dispersity of the CV dye in the SAS matrix,
caused by electrostatic interaction between cationic CV molecules and
SAS matrix via hydrogen bonding [32].

The structural characteristics of the SAPC filter were investigated via
etched XPS. The XPS surveys of the control and SAPC filters are shown in
Fig. S11. The Si 2p and Al 2p spectra showed that the SAS matrix existed
within an etching time of 1,180 s (Fig. 2g and h). N 1s spectra of CV dye
were continuously detected during the etching time, which indicates
that the CV was well spatially distributed in the SAS matrix (Fig. 2i).
However, the F 1s spectra corresponding to PFOTES decreased with
increasing etching time (Fig. 2j). The C-F bond of PFOTES was rear-
ranged to the SAPC thin film surface during the crosslinking process to
minimize surface energy. The C 1s spectra also showed that CF3 and CF2
bonds were dominant on the SAS layer (Fig. 2k) [33]. Meanwhile, the
C-O bond of GPTMS, a major component of the SAS matrix, was ho-
mogeneously distributed inside the coating layer.

The structure of the SAPC nanolayer was derived according to these
analyzes (Fig. 21 and S12). In the coating process, through a condensa-
tion reaction, the SAS bound with hydroxyl groups on the plasma-
treated fiber surface and was crosslinked with the hydroxyl groups.
The PFOTES molecules self-arranged on the SAS surface and bound with
the SAS through a condensation reaction. Consequently, an integrated
thin layer was formed. CV dye was evenly immobilized in the trans-
parent SAS matrix, and PFOTES was prevalently attached to the matrix
surface.

3.3. VLD biocidal activity of the SAPC filter

Fig. 3a depicts the time-dependent VLD bactericidal performance of
the SAPC filter against S. epidermidis. All antimicrobial tests were con-
ducted under a visible light intensity of 7.2 mW c¢m ™2 unless otherwise
stated. After 2 h of exposure to light, the photobiocidal activity of the
SAPC filter increased rapidly, and bacteria were completely inactivated
(~99.9999 %) after 4 h. It is important to note that the SAPC filter
exhibited insignificant biocidal properties under dark conditions, which
implies that the reduction in bacteria was due solely to a VLD photo-
chemical reaction. Fig. 3b shows the bactericidal efficiency of filters
prepared with various combinations of the SAPC layer constituents.
After 3 h of illumination with visible light, the photobiocidal activities of
the SAS- and SAS/PFOTES-coated filters were insignificant (0.24 and
0.22-log reduction, respectively). By contrast, the photobiocidal activity
of the SAPC filter was higher (4.16-log reduction) than that of the CV
filter (1.30-log reduction).

The Jablonski diagram in Fig. 3c illustrates the photochemical ROS
generation mechanism of photosensitizers. Under light irradiation,
photon-absorbed CV molecules transformed from a ground state (Sp)
into a single excited state (S;). The molecules at S; returned to Sy
through energy loss or transformed into a triplet excited state (T;) via
intersystem crossing. The CV molecules in the triplet state underwent a
Type-I and/or Type-II photochemical reaction. In the Type-I pathway,
they underwent redox reactions, leading to the generation of superoxide
anion (02"), hydrogen peroxide (H203), and hydroxyl radical (*OH). In
the Type-II pathway, energy at T; was transferred to triplet oxygen (°05)
via Dexter energy transfer, resulting in the generation of singlet oxygen
(102) [34,35]. To study the photoreaction mechanism of the enhanced
biocidal activity, we measured time-resolved PL decays for the CV and
SAPC filters (Fig. 3d). The PL average lifetime of the CV layer (0.991 ns)
was approximately 5.4 times longer than that of the SAPC layer (0.182
ns; see Table S3). The significant difference in PL lifetime is reflected in
the fluorescence lifetime imaging microscopy results. The SAPC filter
had a shorter lifetime distribution on the overall fiber area. In addition,
the SAPC filter exhibited a lower PL peak intensity than the CV filter
(Fig. S13), which indicates that it had a lower radiative deactivation rate
of photoexcited electrons than the CV filter. These results reveal that the
SAS matrix can enhance the excited state of CV sensitizers to provide
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more efficient ROS generation via redox or energy transfer pathways
[16,36,37].

ROS scavenger/quenching analyzes were conducted using S. epi-
dermidis to determine the ROS species that contributed to bactericidal
activity in the SAPC filter (Fig. 3e). To prevent miscalculation related to
dye leaching from the CV filter, the CV was immobilized in poly-
dimethylsiloxane (PDMS) via the swell-encapsulation-shrink method.
When H303, *OH, and O,~ were scavenged with the addition of catalase,
mannitol, and superoxide dismutase, respectively, the CV-PDMS filter
exhibited insignificant change in bactericidal activity compared to the
SAPC filter. In particular, after *OH scavenging, the bactericidal activity
of the SAPC filters was reduced by ~37 % compared to no scavenger,
which suggests that the SAPC nanolayer promoted a redox reaction.
After the addition of L-histidine (a 102 quencher), the bactericidal ac-
tivity of both the CV-PDMS and SAPC filters decreased to ~0.8 and ~1-
log reduction, respectively. The SAPC layer showed considerably higher

°OH generation than CV-PDMS, but it was not clear whether the SAPC
enhanced the Type-I photoreaction. Thus, we measured the 10, phos-
phorescence lifetime via time-resolved near-infrared spectroscopy.
Fig. 3f shows the 'O, phosphorescence decay of the SAPC, CV, and
control filters at a wavelength of 1,270 nm. The 10, lifetime of the CV
filter (~43.9 ps) was approximately 1.5 times longer than that of the
SAPC filter (~28.2 ps). The shorter 102 lifetime of the SAPC filter in-
dicates the competitively attenuated the Type-II photoreaction.

Fig. 3g demonstrates the non-selective inactivation performance of
the SAPC filter against various microbes (visible light exposure for 3 h).
MS2 bacteriophage was selected as a surrogate virus because it is similar
to pathogenic viruses in size and morphology and has been utilized in
various survival studies [38]. The VLD photobiocidal activity of the
SAPC filter was lethal to gram-negative bacteria (E. coli) and MS2
bacteriophage (>99.9 % biocidal efficiency). We further examined
antimicrobial performance under stronger sunlight conditions
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(Fig. S14). Under sunlight conditions, photobiocidal activity reached
~96.8 % after 30 min and was completely inactivated in 1 h. These
results indicate the practicability of the SAPC filter for use in indoor and
outdoor environments without additional devices.

In a real air environment, the ratio of airborne microorganisms to
total particulate matter is generally low. However, high concentrations
of pathogenic bioaerosols are generated by specific events such as the
physical activity of an infected individual [39]. Thus, bioaerosols can be
captured in both filter fibers and pre-accumulated particulate matter. To
determine the photobiocidal activity of the SAPC filter in a dust-rich
environment in which most photo-active sites were shielded, we con-
ducted antimicrobial tests using aerosolized bacterial particles. Fig. 3h
shows an image of the bioaerosol testing device. The bacterial aerosols
exhibited a log-normal size distribution, with a peak diameter of 0.9 pm
and a number concentration of ~880 particles cm'Sair (Fig. S15). Bac-
terial aerosols were deposited onto clean and dust-loaded SAPC filters.
The dust-loaded SAPC filter was prepared according to a dust holding
capacity (DHC) of 4.3 g m ™2, equal to 2.5 times the initial pressure drop
(Table S4) [40]. SEM images showed that bacterial particles were
captured on the dust rather than the SAPC filter surface (Fig. 3i). It is
interesting that the SAPC filter retained its robust antimicrobial activity
even under the dust-accumulation condition, leading to a consistent ~3-
log reduction in S. epidermidis (Fig. 3j). These results are related to the
ability of generated 102 to diffuse 0.992 cm into the air [41]. This
photobiocidal activity has the potential to solve the problem of the
deterioration in antimicrobial performance caused by the accumulation
of dust in conventional antimicrobial air filters that operate based on the
direct contact killing mechanism.

3.4. Photodurability enhancement by the SAPC nanolayer

Owing to photooxidation, the photobiocidal activity of the dye
progressively dissipated during long-term use under light irradiation.
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Fig. 4a shows different photofading behaviors of the CV and SAPC filters
under visible light irradiation (7.2 mW cm_z). The CV filter was rapidly
decolorized after 24 h of exposure to light. By contrast, the SAPC filter
hardly changed color even after 120 h, which demonstrates its low
photodegradability.

Furthermore, the photodecomposition of each filter sample was
examined using diffuse-reflective UV-vis absorption spectroscopy. The
inhibition process of CV photodegradation was suggested to involve two
mechanisms: demethylation via *OH attack of the N-dimethyl position,
and ketone formation through eOH and 'O, attacks of the central
phenyl-substituted carbon (Figs. S16 and S17) [42]. The partially elec-
tronegative oxygen atom of the SAS matrix exhibits strong electrostatic
interactions and hydrogen bonding with the nitrogen atom of CV dye
molecules, resulting in their encapsulation [43,44]. The SAS encapsu-
lation can significantly prevent demethylation of CV molecules by pro-
tecting against ROS attack and dye leaching from the coating layer. The
light-exposed CV filter showed rapid photooxidation and a distinct
hypsochromic shift of the monomeric band from 600to 580 nm
(Fig. 4b), characteristic of the formation of demethylated derivatives of
the CV by ROS attack [45]. The peak shift from 1,587 to 1,596 emlin
the infrared spectra of the CV filter also indicated CV demethylation
(Fig. S18) [46]. Moreover, the SAPC filter showed substantially less
reduction in absorbance (~5.3 %; regarding the integrated area over the
visible region) than the CV filter (~47.2 %) under exposure to 96 h of
light (Fig. 4c). These results show that the SAS matrix suppressed CV
degradation by protecting the dye from ROS attacks.

Fig. 4d describes the possible mechanism of photodurability
enhancement by SAS encapsulation. The two putative mechanisms are
as follows: First, hydrogen bonding of the SAS matrix, which protected
the nitrogen atoms of CV molecules from highly electrophilic ROS at-
tacks, inhibited demethylation. Second, electron-rich oxygen atoms
around the CV in the SAS matrix attracted ROS; thus, it was difficult for
the ROS to reach the central phenyl-substituted carbon, inhibiting
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ketone formation. Consequently, the SAS matrix attenuated photooxi-
dation of CV under ROS attack, and a higher SAS concentration resulted
in better photodurability (Fig. S19).

Fig. 4e demonstrates the long-term bactericidal performance of the
SAPC filter. The bactericidal efficiency of the CV filter decreased rapidly
from 94.8 % to 59.9 % after 24 h and then to 6.85 % after 120 h. By
contrast, the SAPC filter showed robust durability; its bactericidal effi-
ciency hardly changed with up to 72 h of light exposure, which is
equivalent to 9 days based on 8 business hours per day. After 120 h, the
bactericidal efficiency was reduced by only 9.81 %. We investigated the
ROS contributing to the bactericidal activity of the light-exposed SAPC
filter using a scavenger/quenching assay (Fig. 4f). The bacterial inacti-
vation of the SAPC filter exposed to light for 72 h decreased by only
0.36-log reduction compared to the initial value. But *OH and 10, were
still the principal ROS for bactericidal activity. In summary, the SAPC
nanolayer can provide prolonged photobiocidal activity by protecting
the photosensitizers from ROS attack.

3.5. Triboelectric filtration performance

Triboelectric effects can restore electrostatic charges in filters with
little energy and at low cost and can electrostatically enhance filtration
efficiency without increasing pressure drop [47]. The surface of SAPC
nanolayer contained a large number of PFOTES, mainly composed of
fluorine (Fig. 21). Fluorine is the highest electronegative element ac-
cording to the Pauling scale, and fluorinated polymers such as poly-
tetrafluoroethylene and polyvinylidene fluoride have been used as
negative triboelectric materials [48,49]. We selected a nylon mesh,
which is at the lower end of the positive triboelectric series, as a counter
material to demonstrate the triboelectric effects of the SAPC filter
(Fig. 5a). When the SAPC and nylon fibers were rubbed together, they
became negatively and positively charged, respectively, and generated
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an electric field sufficient for the electrostatic capture of incoming
particles (Fig. 5b). Fig. 5¢ shows the surface potential (V) of the SAPC,
SAS/CV, and control filters according to the number of rubbing cycles.
After five rubbing cycles, the Vi plateaued, indicating triboelectric
charge saturation. The V; of the SAPC filter (-5 kV) was 3.9 and 1.7 times
that of the SAS/CV and control filters, respectively. The higher V; of the
SAPC filter was due to the superior electron acquisition ability of the
PFOTES molecules bonded to the SAS layer. To evaluate the filtration
performance of the triboelectrically charged SAPC filter, we utilized
MS2 bacteriophage aerosols at a face velocity of 5.3 cm s ! (Fig. 5d). The
number concentration of MS2 aerosols decreased rapidly as they passed
through the triboelectrically charged SAPC filters. The filtration effi-
ciency of the charged SAPC filter was 95.5 %, approximately 20% higher
than that of the uncharged SAPC filter.

The most common method for applying electrostatic forces to air
filters is through corona discharge, which is also applicable to the SAPC
filter (Fig. S19). However, the corona discharge method is not accessible
in the home and may not be suitable for an electrostatic charge resto-
ration process. The triboelectric effect is an efficient potential alterna-
tive for recovering electrostatic forces. We investigated the change in the
Vs of the SAPC filter for several detergent washing cycles (Fig. 5e). After
four washing cycles, the V; was still more than —4.5 kV, having decreased
by only ~9 %; thus, the recharged SAPC filter retained a filtration ef-
ficiency of >91 % after four washing cycles, while the efficiency of the
commercial face mask decreased to 85 + 1.1 %. (Fig. 5f). Although the
SAPC filter was subjected to forceful dust loading and removal, its
physical structure was intact, with no leaching problems. Furthermore,
we evaluated the durability and reusability of the SAPC filter in terms of
VLD antimicrobial activity. The filter was subjected to four washing
runs, and its antimicrobial efficiency against S. epidermidis was tested
after each run (Fig. 5g). The SAPC nanolayer maintained a high pho-
tobiocidal efficiency of >99.9 % after each washing run. These results
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demonstrate the durability and reusability of the SAPC filter in terms of
antimicrobial and filtration performance.

Based on photobiocidal performance, photodurability, and tribo-
electric activity data, we designed prototype face masks (Fig. S21). The
SAPC coating can be applied to the outer or filtration layer of the face
mask for effective protection against airborne pathogens. For the former,
the photobiocidal properties of the SAPC coating can be partially
transferred to the filtration layer. For the latter, when the outer layer is a
transparent nylon mesh, photobiocidal activity and triboelectric effects
can be exploited more efficiently. We are planning to further study to
validate effectiveness of our designed masks.

4. Conclusion

We present a new approach to fabricating reusable, photobiocidal,
triboelectric air filters using the SAPC-based nanolayer coating. The
composite nanolayer comprised a transparent SAS matrix, matrix-
embedded CV photosensitizer, and surface PFOTES, which endowed
the filter with reusability and photobiocidal and triboelectric function-
ality. The SAPC nanolayer showed an enhanced redox reaction, resulting
in high photobiocidal performance. Under indoor light conditions, the
SAPC filter showed a high photobiocidal efficiency of ~4-log reduction
against bacteria (i.e., S. epidermidis and E. coli) and a surrogate virus (i.e.,
MS2 bacteriophage). In addition, the SAS matrix attenuated photooxi-
dation of CV under ROS attack, which improved longevity. Furthermore,
during detergent washing tests, the SAPC filter retained its filtration
performance and photobiocidal activity owing to its superior water
stability and triboelectric characteristics, which demonstrates its good
washability and reusability. Overall, the coating of SAPC nanolayer
endowed the filter with enhanced photobiocidal activity, photo-
durability, and triboelectric property. Thus, the proposed method can be
used to design of more efficient photobiocidal materials to protect the
environment from infectious pathogens.
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