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ABSTRACT

Healthcare-associated infections can occur and spread through direct contact with contaminated
fomites in a hospital, such as mobile phones, tablets, computer keyboards, doorknobs, and other
surfaces. Herein, this study shows a transparent, robust, and visible-light-activated antibacterial
surface based on hydrogen bonds between a transparent silica-alumina (Si-Al) sol-gel and a
visible-light-activated photosensitizer, such as crystal violet (CV). The study of the bonding
mechanisms revealed that hydrogen bonding predominantly occurs between the N of CV and Al-
OH. Apart from CV, Si-Al can be combined with a variety of dyes, highlighting its potential for
wide application. The Si-Al@CV film selectively generates singlet oxygen using ambient visible
light, triggering potent photochemical antibacterial performance against Gram-positive and Gram-
negative bacteria. Additionally, the Si-Al@CYV film is stable even after mechanical stability tests
such as tape adhesion, scratch, bending and water immersion. In vitro cytotoxicity tests using
C2C12 myoblast cells showed that the Si-Al@CV film is a biocompatible material. This work
suggests a new approach for designing a transparent and robust touchscreen surface with

photochemical antibacterial capability against healthcare-associated infections.

m INTRODUCTION

Healthcare-associated infections (HAIs), which are infections acquired by patients during their
stay in a hospital or another healthcare setting, are an ongoing global public health.! The European
Centre for Disease Prevention and Control (ECDPC) estimates that over 8.9 million people suffer
HAIs every year in Europe.? In addition, the development of antibiotic-resistant bacteria in
hospitals is expected to become a more serious problem, which can lead to the incidence of related

diseases.>® Antibiotic-resistant bacteria such as methicillin-resistant Staphylococcus aureus



(MRSA) and Gram-negative Pseudomonas aeruginosa have been classified as “Serious Threat”
by the US Centre for Disease Control (CDC).’

HAIs can occur and spread through direct contact with contaminated fomites in a hospital, such
as mobile phones, tablets, computer keyboards, doorknobs, and other surfaces.® They can act as
both a source and reservoir for HAIs because microorganisms can survive on these surfaces for
long periods of time.® The use of touchscreens has become common, but they are attracting
attention as a potential vector of HAIs.2® The touchscreen surfaces of mobile phones are
particularly “high risk” surfaces because they allow direct contact with the face or mouth during a
call, which can be hazardous even if the hands are properly washed and clean.'**? In addition,
mobile phones are the most frequently touched surfaces.'® A recently published literature showed
that mobile phone contamination rates range from 40% to 60%, with MRSA being the most
frequently observed bacterium (10-90%).1* Another study reported that 10% of test phones were
contaminated with viral pathogens.®

In general, good hand hygiene and surface cleaning with disinfectants, such as ethanol sanitizer,
are effective ways to prevent HAIs. A significant drawback of these traditional methods is that
they are effective only at the moment of sterilization; however, the contamination of hospital
surfaces is frequent and persistent.'® To overcome this limitation, antibacterial surfaces along with
silver or copper nanoparticles are being studied as an alternative approach to reducing infection
from fomites. Behzadinasab et al. introduced a transparent antibacterial surface coating using
polydopamine and Cu or CuxO particles that simultaneously showed potent antibacterial
performance and transparency.'’ Hosseini et al. also described transparent antibacterial surfaces
with silver oxide particles and silicate matrix.’® However, these technologies can only Kill

microorganisms in direct contact with antibacterial substances, such that a gradual decrease in



antibacterial performance is inevitable due to the accumulation of dust or dead cells covering the
functional particles. In addition, the use of inorganic nanoparticles is regulated within the EU
because they can also exert adverse effects on human health.**2 Thus, non-harmful and real-time
disinfection of surrounding touchscreen surfaces is essential for protecting public health against
HAISs.

Photodynamic therapy, which uses a photosensitizer and light energy, has gained considerable
attention as a promising solution for HAIs.?%?? Antibacterial methods based on reactive oxygen
species (ROS) are easy to implement and use because the only requirement is an abandoned visible
light (sunlight or the indoor lights of a healthcare facility). When exposed to a light source, the
photosensitizer generates various ROS, for a multisite attack that kills bacteria without the
development of antibiotic-resistant of microorganisms. ROS can eliminate even dead cells and
effectively kill bacteria, not in direct contact with the antibacterial substrates.?® However,
developing a transparent and visible light-activated antibacterial surface remains a challenge,
because the process of coating the colored photosensitizer makes the surface opaque.?*

To achieve a transparent light-activated antibacterial surface, it uses a new strategy with silica-
alumina (Si-Al), arobust, transparent porous surface on which photosensitizer can be immobilized
while maintaining potent antimicrobial performance. The transparent antibacterial surface was
easily fabricated with a Si-Al sol-gel and visible-light absorbing cationic dyes including crystal
violet (CV), through a one-step blade coating process conducted at room temperature. The N of
the cationic dye formed strong hydrogen bonds with the OH group of the Si-Al, resulting in
homogenous immobilization of the cationic dye; this increased the transparency of the surface. CV
is the one example of the possible extension of the Si-Al sol-gel. The Si-Al sol-gel can be used

with a variety of dyes as binder materials. It demonstrated that this transparent antibacterial surface



had a potent antibacterial performance against Gram-positive bacteria (Staphylococcus
epidermidis) and Gram-negative bacteria (Escherichia coli and Pseudomonas Syringae) under
visible light illumination and revealed the visible-light-activated antibacterial mechanism of the
SI-AI@CV film. In addition, the Si-Al@CV film showed mechanical stability against tape
adhesion, scratch and bending, indicating its potential use in real environments. This work is
expected to present a new approach for designing and realizing practical easy-to-clean transparent

antibacterial surfaces against HAIs.

m MATERIALS AND METODS

Preparation of the Si-AlI@CV coating solution. The Si-Al sol-gel solution was prepared from
methyltrimethoxysilane  (MTMS; 95%; Sigma-Aldrich, USA), 3-Glycidyloxypropyl)
trimethoxysilane (GPTMS; 97%; Sigma-Aldrich) and aluminium tri-sec butoxide (ATSB; 99%j;
Sigma-Aldrich). First, alumina sol was prepared by adding ATSB (20 g) and acetylacetone (5.4 g;
99%; Sigma-Aldrich) to 2-propanol (5.4 g; IPA; 99.5% anhydrous, Sigma-Aldrich) and vigorously
stirring at 80 °C (Figure S1). In a second beaker, silica sol was prepared by adding MTMS (30 g)
to GPTMS (17.3 g), mixed with IPA (34 g). Subsequently, alumina sol (21 g) and deionized water
(37 g) were added to silica sol. The mixture solution was refluxed at 80 °C for 12 h and aged at 25
°C for over 24 h. The Si-Al@CV coating solution was prepared with various Si-Al sol-gel
concentrations in anhydrous ethanol (99.9%; DUKSAN, South Korea). Then, CV (5 mM; Sigma-
Aldrich) was mixed with diluted Si-Al sol-gel solution under steady agitation to completely
dissolve the CV.

Preparation of the antibacterial film. All polyethylene terephthalate (PET) film was cleaned

successfully with acetone, ethanol, and isopropyl alcohol in an ultrasonic cleaning bath for 15 min



each and dried at 50 °C in a convection oven. The antibacterial film (20 mm x 20 mm) was prepared
at 25 °C by blade coating at a speed of 5 mm s, with a gap between blade and substrate of 250
um (blade angle of 30°) (Figure S2). The specimen coated with the Si-AI@CV solution by the
blade coater was then cured at room temperature (25 °C) for 4 h or 50 °C in a convection oven for
2 h.

Characterization of the film surface. The surface of the Si-AI@CV film was characterized by
an XPS device (NEXSA, Thermo Fisher Scientific) with an Al K-alpha source (1,486.6 eV) and
an angle of 90°. To analyze the surface of the transparent antibacterial film, we performed
attenuated total reflection-FTIR spectroscopy (ALPHA-P; Bruker, USA) using a diamond crystal
kit. Each specimen was analyzed over 32 scans with a resolution of 4 cm™, providing spectra in
the range of 600-4,000 cm™. To characterize the morphology of the films, SEM (SU8230, Hitachi,
Japan) image analysis was performed at an accelerating voltage of 5 kV. The surface hardness test
of the Si-Al@CV film was conducted using a pencil hardness tester (COAD.607, Ocean Science,
Republic of Korea) and pencils of various hardness (3H-9H, Mitsubishi Uni, Japan). To measure
the residual organic solvents in the Si-Al@CV film, VOCs were measured using a GC-MS (Qp
2010 plus, Shimadzu, Japan). The Si-Al@CV film was cut to a size of 4 x 4 cm and stored in a
sealed container. Further, the sealed container was heated at 60 °C in a convection oven for 1 h,
after which the gas in the sealed container was captured to measure the VOCs via GC-MS.
Antibacterial test. The visible-light-activated antibacterial performance of the Si-AlI@CV film
was tested using the Gram-positive bacteria, S. epidermidis (KCTC 1917), and Gram-negative
bacteria, E. coli (KCTC 1039) and P. syringae (DSM-21482).25% All bacteria were incubated in
a nutrient broth (Becton Dickinson, USA) at 37 °C in a shaking incubator. After 18 h of culture,

the bacteria were harvested through centrifugation (4,000 x g, 15 min), washed using phosphate-



buffered saline (PBS; 10 mL) to remove nutrient broth, and then centrifuged to obtain ~108 colony-
forming unit CFU mL* bacterial suspended in PBS (10 mL). Then, bacterial suspension (25 pL)
was inoculated onto PET, Si-Al, and Si-Al@CYV surfaces in a moisture box with a transparent glass
cover. The samples were exposed to an LED lamp (CLAG60 9.5 W; 400-800 nm wavelength;
Osram, Germany) from a distance of 50 mm (intensity of 7.2 mW cm), while the same set of
samples was kept in the dark box.2”?8 The samples were placed in 10 mL PBS, and vortexed for 1
min to extract bacteria from the sample into the PBS solution. After serial dilution, S. epidermidis
and E. coli suspensions were placed onto a nutrient agar plate and cultured at 37 °C for 24 h. The
bacterial colonies were then counted. Each experiment included two technical replicates and each
experiment was reproduced three times.

Characterization of the visible-light-activated photochemical process PL spectra were
measured at a wavelength of 600-800 nm using a steady-state PL spectrometer (FluoroMax;
Horiba Scientific, USA) with a 540 nm excitation wavelength. Singlet oxygen phosphorescence
was measured at a wavelength of ~1,270 nm using a near-infrared sensitive thermoelectrically
cooled photomultiplier and a PC-mounted multi-scaler board with a pre-amplifier (MSA-300,
Becker-Hickl, Germany). The test film was placed onto a slide glass and irradiated by an Nd:YAG
laser operating at 532 nm. The data were then analyzed using FluoFit software (PicoQuant GmbH,
Germany).

Determination of the key ROS leading to bacterial inactivation. Scavengers and quenchers of
ROS, including catalase, L-histidine, mannitol, and superoxide dismutase, were purchased from
Sigma-Aldrich and used with an S. epidermidis suspension (~3.0 x 108 CFU mL™). Then, catalase
(6-14 units mL™), L-histidine (2 mM), mannitol (82 mM), and superoxide (20 units mL™) in the

S. epidermidis suspension were used as a hydrogen peroxide scavenger, singlet oxygen quencher,



hydroxyl radical scavenger, and superoxide radical scavenger, respectively.?”?8 The Si-Al@CV
films were submerged in each bacterial suspension containing ROS scavenger or quencher and
then exposed to visible light at an optical power of 7.2 mW cm for 6 h. After a serial dilution,
bacterial suspension (100 pL) was inoculated onto a nutrient agar plate and cultured at 37 °C for
24 h. The bacterial colonies grown in the agar plate were then counted.

Dye leaching test. The Si-Al@CV films were cut to 3 x 3 cm portions and dipped into DI water
(10 mL) for 1 to 14 days to confirm the CV leaching. In addition, the Si-Al@CV films were soaked
in 10 mL of a pH 10 aqueous solution (Sodium carbonate buffer) and water with detergent
(commercial detergent, 0.2 vol%). The solution of leached CV dye was measured via UV-Vis
spectroscopy (JP/UV-3600, Shimadzu, Japan) and the concentration was calculated by calibration
curve.

Cytotoxicity assay. The in vitro cytotoxicity of the Si-AI@CV film was determined using C2C12
(ATCC CRL-1772), a subclone of the mouse myoblast cell line, using the Cell Counting kit-8
(CCK-8; Dojindo Laboratories, Japan) assay.?® The PET and Si-Al@CV films were cut to
dimensions of 4 mm x 5 mm in a rectangular shape and cleaned with DI water. NiSO4 (99.99%,
Sigma-Aldrich, USA) was prepared at a concentration of 10 mg/mL in the culture medium as a
positive control. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Hyclone,
Cat. No. SH30243, USA) supplemented with 10% fetal bovine serum (ATCC, Cat. No. 30-2020,
USA) and 1% penicillin/streptomycin (Hyclone, Cat. No. SV30010, USA) at 37 °C in a humidified
atmosphere containing 5% CO.. The cells were seeded in 96-well cell culture plates at 5.0 x 103
cells per well and cultured to adhere at 37 °C for 24 h in 5% CO. atmosphere. After cell attachment,
the cells were cultured in untreated (control), PET film, Si-Al@CV film, and NiSO4 solution for

24 h. At each time point, the films were removed, and cultured cells were visually analyzed using



an optical microscope (Eclipse Ti-u; Nikon, Japan). Subsequently, the CCK-8 reagent was applied
to the cells at a concentration of 1:5 (CCK-8 reagent: DMEM medium), and the cells were
incubated for 4 h. Absorbance was measured at 450 nm using a microplate reader (Synergy H1,

Biotek, USA). Cell viability was calculated as follows:

Asample - Ablank

Cell viability (%) = x 100

Acontrol - Ablank

where Asample IS the absorbance of the samples, Abiank is the absorbance of the blank (containing
DMEM and CCK-8 solution), and Acontrol iS the untreated sample (without films). The experiments

were conducted in triplicate, and data are reported as mean values with standard deviation.

m RESULTS AND DISCUSSION

To realise a transparent and visible-light-activated antibacterial surface against HAIs, we present
here an easy-to-use and transparent cationic dye binder, Si-Al sol-gel (Figure 1a and Figure S1).
Silica sol-gel is a typical transparent binding material. However, it is difficult to cure at room
temperature, and an additional thermal treatment process is required.*® Figure 1b shows a digital
image of Si-Al films according to the Al concentration. When only Si was used, a uniform and
transparent film was not obtained. However, when 5% Al was added, a uniform transparent film
was fabricated, even at room temperature, which can be attributed to the Al oxidation behaviour.
Owing to the standard reduction potentials of aluminum (-1.66 V at 25°C in air) and the lack of
chelation ratio (acetyl acetone/ATSB molar ratio of 0.66), alumina formation could be induced at
a relatively low temperature.®* The scanning electron microscopy (SEM) images in Figure 1c(i)
show that the film surface without Al was visibly cracked, whereas a smooth and uniform surface

was observed at an Al concentration of 5% (Figure 1c(ii)). However, if the Al concentration was



too high, crystallization of the sol-gel scaffold occurred,®? leading to the formation of particles
owing to the strong oxidation behavior. When Al concentration was 10%, particles formed by
oxidation of Al were confirmed (Figure 1c(iii)) and the pores formed as the Al concentration
increased further increased to 20 wt% (Figure 1c(iv)). This particle formation led to the collapse
of the Si—Al film transparency. The generation of particles owing to the oxidation properties of Al
is clearly identified in the digital image of the solutions in Figure 1d. A Si sol-gel without Al
showed transparency, and when a 5% concentration of Al was added, the color changed to yellow
while maintaining the transparency. However, as the Al concentration increased, particles were
generated due to the oxidation properties of Al, which induced a change in the solution state from
sol to gel. In addition, the FT-IR spectra indicated that the addition of the Al sol had a synergetic
effect on polymerization (Figure S2). FT-IR spectra showed that the siloxane peak increased after
Al addition, and the low molecular linear siloxane (1,045 cm™) in the Si-Al solution were changed
to high-molecular-weight linear siloxane (1,015 and 1,085 cm™) during the formation of the Si-Al
film, indicating that the Al sol helped the polymerization of Si-Al. These results indicate that an
optimized Al concentration is essential for the fabrication of transparent and smooth film surfaces,
as the Al concentration determines the properties of the Si-Al nanocomposite coating surface.
Therefore, to achieve both transparency and low temperature curing, the required Al concentration
was determined to be 5% due to its optimal mechanical properties (Figure S3).%3

Our previous study reported the possibility that the Si-Al sol can bind CV through hydrogen
bonding, which is an electrostatic attraction.?® The large difference in electronegativity between
the H atom (partial positive charge) in Si-Al containing OH bonds and the N atom (partial negative
charge) in the CV can lead to hydrogen bonding. To fully understand hydrogen bonding between

Si-Al and CV, Fourier-Transform Infrared (FTIR) spectroscopy was used to characterize the main
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groups of the Si-Al@CV film (Figure 2a). Unlike the uncoated PET (control) spectra, the spectra
of Si-Al film showed major peaks corresponding to Si-CHs (1,270 cm™), Si-CH. (770 cm®), and
Si-O-Si (Si-O-Al) stretching (1,040 cm™), and OH (Si-OH, Al-OH) stretching (3,200-3,550 cm-
1),233% After CV modification, new peaks corresponding to the C-N stretching of aromatic tertiary
amine (1,361 cm™), CV ring vibration (1,590 cm™), and C-benzene ring stretching (1,170 cm™)
were observed,® indicating the presence of CV. In addition, a red-shift occurred in the OH
stretching band (Figure 2b). This implies that hydrogen bonding has occurred between the OH
group of Si-Al sol-gel with the N-atoms of CV.*%° To further understand the hydrogen bonding
of Si-Al@CV, X-ray photoelectron spectroscopy (XPS) was used to examine the bonding
structures and chemical composition of the films. The overall XPS survey spectra; the presence of
O, C, Si, Al, and N elements in the Si-Al@CV film was revealed (Figure S4). The C 1s peak from
adventitious carbon at 285.0 eV was used as an internal energy reference during the analysis
(Figure 2c). Two different binding energies at 286.9 and 285.0 eV were assigned to C-O and C-C,
respectively. Figure 2d shows the O 1s XPS spectra of Si-Al and Si-Al@CV film. The chemical
bonding of O of Si-Al changed after CV modification; O 1s binding energy slightly decreased,
with the addition of CV. The Al 2p binding energy also slightly decreased from 76.0 to 75.1 (Figure
2e). This binding energy decrease occurred because, when the OH groups in Si-Al sol and the N
in CV form intermolecular hydrogen bonds, electrons moved from N to the OH groups, thereby
increasing the electron density of Al-OH.2®%° Therefore, after CV modification, the O 1s and Al
2p binding energy of Si-Al decreased due to the increase in electron density. In contrast, the N 1s
binding energy of CV increased from 399.4 to 399.8, which suggested electron transfer from the
N of CV to the OH group of Si-Al (Figure 2f). However, interestingly, the Si 2p XPS spectra of

Si-Al did not change after CV modification (Figure 2g). To understand these results, a further XPS
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analysis was conducted. When there was only Si without the addition of Al, there was also no
change in O 1s and Si 2p XPS spectra after CV modification, indicating that no hydrogen bonds
occurred between Si-OH and CV (Figure S5). These XPS results imply that Si-Al sol-gel and CV
molecules were hydrogen-bonded and that Al has played an important role in hydrogen bonding
(Figure 2h). The uniform deposition of CV is an important factor for designing a dye-coated
transparent surface, as it solves the problem of surface opacity caused by the aggregation of dyes
in the polymer pores during the dye coating process. Thus, homogeneous deposition of CV by
hydrogen bonding can provide a new strategy for designing a dye-coated transparent surface.
Additionally, CV is the only possible application of an Si-Al sol-gel. An Si-Al sol-gel can be easily
applied to a variety of dyes via hydrogen bonding (Figure S6).

As shown in Figure 3a, following the Si-Al coating, the PET film maintained its color and
transparency, indicating the transparency properties of Si-Al. To investigate the effect of Si-Al
sol-gel coating on the PET film, bending strength measurements were performed using a bending
force test device. There was no significant difference between the uncoated PET and Si-Al@CV-
coated PET films in terms of bending force (Figure S7). Upon adding CV, the film remained
transparent and maintained a uniform surface (Figure S8); however, the color changed to violet.
This color change is reflected in the visible-light absorbing property of the dyes. Figure 3b shows
the UV-vis absorbance spectra of PET, Si-Al, and Si-Al@CV film over a wavelength range of
400-700 nm (visible light region). The PET and Si-Al film did not show primary absorption,
whereas the Si-Al@CV film showed a significant absorption peak at 594 nm. This light absorption
enables the photoreaction of Si-Al@CV film, which is the basis for the potent antibacterial activity
seen under visible-light exposure conditions. However, this light absorption property of CV

deteriorated the transparency of the Si-Al@CV film. To overcome this limitation, there is a need

12



to determine the optimal coating conditions including the CV concentration and film thickness, to
realize a transparent antibacterial surface.

A thin and uniform surface is important to achieve a transparent surface. To scrutinize the effect
of film thickness on the transparency and antibacterial performance of Si-Al@CV film, Si-Al@CV
films with various thicknesses were prepared by blade coating methods (meniscus assisted solution
printing) (Figure S9 and Supporting Movie S1). The blade coating method is suitable for adjusting
the thickness of the coating film.*:*3 As shown in Figure 3¢, the coating solution passes through a
thin gap between the blade and moving substrate to form a uniform coated layer. Generally, the
thickness of the coating is determined by the characterizations of the solution, velocity of moving
substrate, and blade angle (Figure S10).*44> The thickness (t) of the coating can be calculated by
the Landau-Levich-Derjaguin model as follows:*®

t < k 1Ca??

Where «! is the capillary length and Ca is the capillary number. The x estimates the relative
effects of Laplace pressure and hydrostatic pressure and is defined as «™* = (y /pg)*2. Here, y is the
surface tension of the liquid, p is the density of liquid, and g is the gravity. The Ca represents the
ratio of viscous force to capillary force and is defined as x7 y* where x and V are the viscosity and
substrate moving speed, respectively.

To evaluate the effect of film thickness, Si-Al@CV films were prepared according to the Si-Al
concentrations. Figures 3d and 3e summarize the effects of the Si-Al concentration on the thickness
and transparency of the Si-Al@CV film. Under a low Si-Al concentration (< 20 wt%), an unstable
film was fabricated (Figure S11). When the concentration increased from 30 to 60 wt%, the
thickness of the Si-Al@CV film gradually increased from 2.3 to 7.1 um (Figure S12), while the

transparency gradually decreased from 78.4% to 72.3% at 590 nm. An increase in the Si-Al content
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led to an increase in the viscosity of the solution and a decrease in the amount of solvent
evaporation, which resulted from an increase in thickness of the coating layer. Interestingly, film
thickness had no significant effect on the antibacterial performance induced by visible light
illumination (Figure 3f). These results show that the thin film fabricated by controlling film
thickness played an important role in realizing a transparent antibacterial film.

Figure 4a describes the transmittance of Si-Al@CV with respect to the CV concentration. As the
CV concentration increased, the color of the Si-Al@CV film gradually deepened, and the
transparency in the 590 nm region consistently decreased, indicating that the CV concentration
plays an important role in the transparency of the Si-Al@CV film. However, the amount of CV
used cannot be unconditionally lowered because the antibacterial performance is also significantly
affected by the CV concentration. Figure 4b shows the antibacterial activity of the Si-AI@CV film
against S. epidermidis at different CV concentrations after 6 h of visible-light exposure (Figure
S13). At concentrations < 1 mM, no relationship between the antibacterial performance and CV
concentration was observed, except for the natural decay occurring due to the bacteria being
exposed to air. However, at concentrations > 1 mM, potent bactericidal performance (> 2.9 log
reduction) was observed. Therefore, to obtain a transparent antibacterial surface, the optimal CV
concentration was determined to be 1 mM (Figure S14). Figure 4c demonstrates that antibacterial
activity was only exerted under light conditions with ImM CV, indicating that the antibacterial
activity of Si-Al@CV was primarily influenced by the visible-light-activated inactivation reaction
induced by CV. This result is consistent with previous finding that antibacterial activity at the low
concentrations of CV-coated surface was only observed when they were exposed to light.%’

Figure 4d shows the photochemical antibacterial mechanism of CV under illumination. First, the

CV (photosensitizer) molecules absorb photons from the light source to form excited singlet states,
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which then return to the ground state or transform into an excited triplet state. The excited triplet
state triggers ROS generation. The excited triplet state can transfer electrons to molecular oxygen
to generate free radicals (Type I, redox reaction), or transfer its energy to a ground-state triplet
oxygen to generate excited singlet oxygen (Type Il, energy transfer). The generated ROS attacks
the cell, leading to cell death. Further analyses were conducted to fully understand the visible-
light-activated photochemical bactericidal mechanism. Figure 4e shows the photoluminescence
(PL) spectra of the PET, Si-Al, and Si-Al@CV surfaces from 600 to 800 nm. When the excited
singlet states returned to the ground state, the PL appeared to lose energy; therefore, the PL spectra
indicated that the molecules reacted with light. Si-Al did not significantly change in the PL spectra,
indicating that it did not react with light. Contrastingly, the PL spectrum of Si-Al@CV clearly
shows that it was excited by light. To confirm the ROS generation of Si-Al@CV, 'O
phosphorescence decay was measured at a wavelength of 1,270 nm (Figure 4f). After laser
exposure, the Oz phosphorescence signal was observed on Si-AI@CV and the lifetime of the
phosphorescence signal was 48.0 ps, indicating that Si-Al@CV produced Oz upon illumination.
This result supported previous findings that type Il mechanism is energetically available for CV
dye, indicating that CV can acts as a photosensitizer to generate ROS using visible light.*®

To determine the ROS responsible for the bactericidal effect of Si-Al@CV, ROS-scavenger
quenching assays were performed (Figure 4g). After adding the 'Oz quencher L-histidine, the
antibacterial performance of the Si-AlI@CV film decreased to 0.2 log reduction, indicating a
complete loss of bacterial activity. These results indicate that Si-Al@CV reacts with visible light
to generate 1Oz, which is the key ROS leading to bacterial inactivation, and it is consistent with
previous antibacterial mechanism studies on CV-coated surfaces.?>* However, the antibacterial

mechanism of Si-Al@CV differed from that of previous studies, in which the antibacterial activity
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of CV was attributed to the simultaneous occurrence of ROS via both Type 1 and Type 2
mechanisms. Sehmi et al. demonstrated that the 1O, scavenger dominantly affected the bactericidal
activity of CV-coated polyurethane against E. Coli. Furthermore, the H.O> scavenger significantly
reduced bactericidal activity.*® Jeong et al. also reported that although O, was the main
contributor to the death of S. epidermidis, the antibacterial activity of the CV-coated surface
decreased after Oz removal.? However, the Si-AI@CV film showed an insignificant change in
antibacterial activity compared to the no scavenger condition when *OH, O>™ and H>O> were
scavenged by the addition of catalase, mannitol, and superoxide dismutase, respectively. This
result suggests that Si-Al@CV can selectively generate ROS through only Type Il mechanisms. It
can be explained that the Si-Al sol-gel matrix may have acted as an insulator that was undesirable
for the electron transfer reaction, thereby suppressing the Type I reaction and primarily expressing
the Type Il pathway.The Type Il process is a desirable mechanism because the lifetime of singlet
oxygen generated by Type Il in the air is longer (~2.8s) than other ROS, and during this time, it
can diffuse by approximately 1 cm.>® This indicates the possibility of more effective sterilization
despite surface contamination such as human oil and dust deposition or indirect contact with
bacteria. Figure 4h shows the an antibacterial activity of Si-Al@CV film after fingerprnit
contamination. Antibacterial activity (>2.9 log reduction) remained even after the surface was fully
contaminated by fingerprints (~100 times) (Figure S15).

In addition, the selective Type Il reaction can return CV to its ground state to enable the
regeneration of 1O, after producing 1O, thereby reducing the self-photodegradation of CV. It
suggests the possibility of extending the stability of organic dyes. Nevertheless, despite this
selective type Il reaction, the antibacterial activity of Si-AlI@CV decreased over time to a 1.2 log

reduction after 5 d (Figure S16). This may be the result of generated ROS-induced self-
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photodegradation. Therefore, the possibility of a transparent photochemical antibacterial film with
antibacterial activity lasting more than 5 d has been demonstrated, but further research is required
to overcome ROS-induced self-photodegradation for the practical application of the Si-Al@CV
film in everyday life.

Furthermore, our previous study demonstrated that Si-Al with 1H, 1H, 2H, 2H-
perfluorooctyltriethoxysilane (PFOTES) promoted the Type I reaction of CV while simultaneously
attenuating the Type 1l reaction.? This difference may be due to the presence of fluorine on the
surface of PFOTES. It is well known that surface fluorination increases the photogeneration of
*OH and reduces the recombination rate of electron-hole pairs. Fluorination can trap CV electrons
because of the high electronegativity of fluorine, thus accelerating Oz reduction.®® This result
implies that ROS generation can be controlled by combining Si-Al@CV with other materials.
Although Si-Al could selectively control the photochemical reaction with CV, it may not be
effective for all cationic dyes. Therefore, additional research is needed to confirm the control of
ROS generation by Si-Al.

To evaluate the visible light-activated antibacterial performance of Si-Al@CV, further studies
were conducted on gram-negative bacteria (E. coli and P. syringae) (Figure S17). Si-Al@CV had
a potent antibacterial performance against E. coli (~1.4 log reduction) and P. syringae (~1.1 log
reduction) but was not as effective against S. epidermidis (~ 2.9 log reduction). The difference in
antibacterial performance is attributed to the dissimilar cell structures and physiologies of Gram-
positive and Gram-negative.>? Gram-positive bacteria have a thick peptidoglycan layer with a high
degree of porosity, which allows ROS to reach the cytoplasmic membrane more easily.> However,
Gram-negative bacteria have a more complex cell wall layer composed of a relatively thin

peptidoglycan cell wall and an additional bacterial outer membrane, which play an important role
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in reducing the permeability of many molecules and resisting antibacterial agents.>*°® These
results highlight the outstanding photochemical inactivation effect of Si-Al@CV on various
microbes.

In the real world, touchscreen surfaces are inevitably and continuously exposed to various types
of contact and wear. Another favorable property of the Si-AI@CV films is mechanical stability. It
was tested by measuring the adhesion of the double-sided tape, scratching, and bending.®’ Figure
5a shows the absorbance of Si-Al@CV at 594 nm after tape peeling (A) compared to the
absorbance of the initial film (Ao). After 60 tape peeling cycles, the film surface remained stable
(Supporting Movies S2), indicating that the tape peel-off did not affect the surface stability.
Additionally, the surface was intact with no cracks when bent at a bending radius of 0.5 mm
(Figures 5b and S18), suggesting its potential applicability to flexible or rollable surfaces. A pencil
hardness test was performed to determine stability against scratching (Figure 5c). The Si-Al@CV
film obtained a hardness of 5H, which was higher than the 4H of the PET film substrate. Therefore,
as shown in Supporting Movies S3, the film surface remained stable after scratching. In addition,
the antibacterial activity of Si-Al@CV remained after bending or scratching (Figure S19). Our
study showed that the Si-Al@CV film tolerated prolonged abrasion tests without damaging its
surface properties, implying its practical applicability to frequently touched surfaces.

Because touch screens are typically exposed to water, such as sweat or wet tissue, moisture
resistance is important. To determine the stability of the Si-Al@CV film against water, the sample
was immersed in deionized water and the absorbance at 590 nm was periodically measured via
UV-vis spectrometry for 14 days. As shown in Figure 5d, after 24 h of immersion, negligible
leaching (~3.0 ppb) of CV was detected, and no additional leaching was observed. The total

amount of CV leached out from Si-Al@CV was < 0.045%, indicating almost complete stability."!
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Even when exposed a pH 10 or detergent-containing water conditions, the Si-AlI@CV film was
stable. (Figure S20). In addition, the antibacterial activity of Si-Al@CV remained after exposure
to water (Figure S21). These results indicate that the Si-Al@CV film was resistant to water
exposure. The Si-Al@CV film exhibited excellent stability against ethanol (Supporting Movie S4),
which is commonly used for disinfection and cleaning. Owing to its stability, the Si-AlI@CV film
could be easily cleaned using wipers or water flow when the surface was contaminated (Figure 5e
and Supporting Movie S5). Although the stability of Si-Al@CV against water exposure was
demonstrated, it is necessary of further studies to determine the stability of Si-Al@CV against
exposure to various solutions.

Safety related to the biotoxicity of materials must be verified, for them to be applied to a practical
touch screen that has direct contact with the skin. Although the stability of the Si-Al film was
demonstrated through a stability test, exposure to Si-Al@CV by accidental damage to the film will
cause skin injuries if Si-AI@CYV is toxic to human skin. Therefore, to evaluate the biosafety of Si-
Al@CV, the biocompatibility of the Si-Al@CV film was investigated using an in vitro cytotoxicity
assay with C2C12 myoblast cells (Figure S22). To minimize physical damage to the cells during
cell culture, the films were immersed obliquely in the culture medium in the well plate. For the
assay, a non-treated condition was employed as an assay control, while PET film and nickel sulfate
(NiSOs) were used as negative control and positive control, respectively.® The Si-AIQCV film
and control samples were applied to each well from 1 h to 24 h. Figure 6a shows the cell viability
results of the test sample with controls. It can be observed that the Si-AlI@CV showed cell viability
(101.4%) similar to that of the control group for 24 h incubation; contrastingly, very low cell
viability was obtained with positive control (5.9%). Additionally, Figures 6b and S23 show optical

cell images under experimental conditions, indicating that the Si-Al@CV film does not affect cell

19



adhesion and growth. Furthermore, to evaluate the residual organic solvents used in the
manufacturing process of Si-Al@CV, volatile organic solvents (VOCs) were measured by gas
chromatography mass spectrometer (GC-MS). The Si-Al@CV film was stored in a sealed
container, and the sealed container was heated to 60 °C, and then gas in the sealed container was
measured. A low concentration of organic solvents (~0.2 ppm) was released from the Si-Al@CV
film, indicating that organic solvents were completely removed during the fabrication process
(Figure S24). Therefore, it was confirmed that the Si-AI@CYV film is a biocompatible material and
can provide experimental support for the potential application of the Si-Al@CV film in real life,
without toxicity.

Figure 6¢ shows an example of the application of the Si-AlI@CV film to the commercial
touchscreen of a smartphone. Following the installation, the Si-AI@CV film on the smartphone
screen was maintained owing to the robust and flexible properties of the Si-Al@QCV film
(Supporting Movie S6). The touchscreen colors remained unchanged after the Si-Al@CV film was
attached. Furthermore, the screening function was retained using the Si-Al@CV film. These
results indicate that the Si-AI@CV film can effectively impart antibacterial performance while
maintaining the functional properties of the touchscreen surface, highlighting its feasibility for
practical applicability in real-environment touch screens (Figure 6d).

From an engineering perspective, this Si-Al@CV sol-gel can also be applied to curved substrates
(Figure 6e) and is scalable using various alternative coating methods. As one of the most frequently
touched surfaces, the smartphone case often has high bacterial contamination in the healthcare
environment; however, owing to its complex three-dimensional structure, coating it using a blade-
coating method is challenging. Figures 6f and S25 show the applicability of the Si-Al@CV coating

to a smartphone (Samsung Galaxy Note 20 Ultra) with the air spray method performed using an
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airbrush device (BBA-003, Yamato Comp, Republic of Korea). Even when coated with the spray,
both the transparency and stability of Si-Al@CV were maintained, indicating its applicability for

surfaces of various shapes, including curved door handles.

m CONCLUSION

To summarize, this study introduces a new strategy for a transparent and robust antibacterial film,
Si-Al@CV, that is photochemically reactive to visible light. The Si-Al sol-gel is easy to fabricate
transparent and can form a robust film at low temperatures by the oxidation of Al. A CV molecule
is strongly immobilized within the Si-Al sol-gel matrix by hydrogen bonding between the N atoms
of the CV molecule and OH bonds of the Al. CV is only one possible agent that can be used with
the transparent Si-Al binder. A Si-Al binder can be combined with a variety of dyes through
hydrogen bonding. The transparent antibacterial Si-Al@CV film is fabricated by exploiting the
interaction between the optimized CV concentration and uniform thin film created by the blade
coating method. The Si-Al@CYV films effectively inactivated both Gram-positive and -negative
bacteria due to the 1O, generated by the visible-light-activated photochemical reaction of CV. In
addition, it confirmed the stability of the Si-Al@CV film following scratching, tape adhesion,
bending, and soaking in water, and did not detect any film detachment. This stability allowed
surface contamination to be easily removed using common cleaning methods, such as cleaning
with water or wiping with a tissue. Cytotoxicity test using C2C12 myoblast cells revealed that Si-
AlI@CV is a biocompatible material without toxicity, highlighting the practical applicability of Si-
Al@CV films. Furthermore, it demonstrated the potential use of the Si-Al@CV film as a

transparent antibacterial screen protector while maintaining screen function. Thus, this research
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provides a new direction for the realization of practical transparent antibacterial surfaces against

HAISs.
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Figure 1. The effect of aluminum sol addition. (a) Schematic of the Si-Al synthesis process. (b)
Effect of Al concentration on transparent film fabrication at room temperature. (c) Scanning
electron microscopy of Si-Al film images according to Al concentrations. (d) Digital image of Si-
Al solution according to Al concentration.
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Figure 2. Investigation of hydrogen bonding between Si-Al and CV via FT-IR and XPS
measurements. (a) The FTIR spectra of control, Si-Al, and Si-Al@CV film. (b) Magnified FTIR
spectra of Si-Al and Si-Al@CV in the OH vibration energy region. (c) C 1s, (d) O 1s, (e) Al 2p
and (g) Si 2p scans of Si-Al and Si-AI@CYV film. (f) N 1s scan of Si-Al@CV and CV film. (h)
Schematic diagram of the chemical structure of Si-AlI@CV and the mechanism of CV

immobilization by hydrogen bonding.
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Figure 3. Transparent antibacterial Si-Al@CV film. (a) Digital image of the transparent
antibacterial film. (b) UV-vis spectra of control, Si-Al and Si-Al@CV film. (c) Schematic diagram
of the blade coating method. (d) Film thickness and (e) transmittance of Si-Al@CV film at
different Si-Al concentrations. (f) The antibacterial performance against S. epidermidis after 6 h
of visible light irradiation. All samples were prepared with a CV concentration of 1 mM.
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Figure 4. Antibacterial performance and underlying mechanism of Si-Al@CV. (a) The
transmittance of Si-Al@CV as a function of CV concentration. (b) Visible-light-activated
antibacterial performance against S. epidermidis according to the CV concentration. (c)
Antibacterial performance of Si-Al@CV film with ImM CV against S. epidermidis after 6h with
or without light. (d) Photochemical antibacterial mechanism of the CV under light conditions. (e)
Photoluminescence spectra of the control, Si-Al, and Si-Al@CV at a wavelength of 600 to 800 nm
(Aex = 540 nm). (f) Time-resolved O, phosphorescence decay for the PET and Si-AlI@CV film.
(g) Bacterial inactivation according to scavenger quenching conditions. (h) Photochmical
antibacterial activity of Si-Al@CYV after fingerprint contamination. The inset image shows the Si-

37



Al@CV film surface after fingerprint contamination. Blue stars represent below detection limit:
<10* CFU mL™.
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Figure 5. Mechanical stability test. (a) Tape peeling test, (b) bending test and (c) pencil hardness
test. (d) Leaching of CV from the Si-Al@CV surface. The inset image shows the leaching solution
from Si-Al@CV film after 14 days. (€) Demonstration of the ease of cleaning with a tissue wipe.
The surface is contaminated by water with coarse sand grains (1-2 mm in size).
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Figure 6. Cytotoxicity tests of Si-AlI@CV film. (a) Cell viability and (b) optical cell images of
C2C12 myoblast depending on the exposure time. (¢) A Si-Al@CV film with the touch screen on
the smartphone (iPhone 12 Pro). (d) Demonstration of application of scaled-up Si-Al@CV film to
the tablet (iPad Pro 12.9) (top), elevator control panel (middle), and touch screen kiosk (bottom).
(e) Photographs of the Si-Al@CYV films on the curved door handle surface. (f) A smartphone case
with Si-Al@CV coating via air spray coating method.
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