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Frequent outbreaks of respiratory diseases caused by the spread of pathogenic microorganisms poses a
great threat to human health. Disposable surgical masks (SM) can limit the transmission to some extent
but the inability to self-sterilize leads to a potential source of cross-contamination as well as causing
hazardous impacts on the soil and aquatic ecosystems. Herein, a sunlight-triggered photoactive self-steri-
lization metal-organic framework (MOF) film modified SM is reported. The MOF film can be prepared
easily and quickly by the co-assembly of UiO-66 nanoparticles and metal-phenolic networks (MPNs, the
complexation of tannic acid and iron ions). Unlike the traditional MPN only assisted assembly, this MOF
film exhibited a dramatic synergetic photodynamic and photothermal self-sterilization ability for protec-
tive equipment surfaces under simulated-solar irradiation without any extra photosensitizers or photo-
thermal agents. A study of the mechanism revealed that the light absorption region of UiO-66 can be
expanded by the MPNs, demonstrating a unique photocatalytic sensitization, and thus the MOF film can
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utilize the sunlight extensively to achieve a photodynamic property. Moreover, such an MOF film demon-
strated excellent cytocompatibility, haemocompatibility and breathability, indicating the security of the
skin-touched application. This dual-modal photocatalytic MOF film are promising for the long-term

rsc.li/frontiers-inorganic usage of disposable protective equipment and for mitigating the heavy burden on the environment.

variants will gradually weaken its effects, and the worse con-
dition is that there is still lack of effective vaccines for the inhi-

Introduction

Severe respiratory diseases, caused by various kinds of patho-
genic microorganisms (including viruses, bacteria, and fungi),
have posed long-lasting severe threats to both personal health
and public safety, as witnessed by the spread of “Spanish flu”,
“A/HIN1 influenza”, “mycoplasma infections” and the
ongoing global pandemic of COVID-19 variants.'™ Generally,
the spread of infectious microorganisms is due to direct inha-
lation of hazardous bioaerosols and emitted droplets, as well
as the physical contact with surfaces where aerosols and dro-
plets are present.® Although vaccinations can reduce the
probability of infection in vaccinated people or protect them
from suffering severe symptoms, the fast emergence of new
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bition of most pathogenic microorganism related respiratory
diseases.” In this context, daily mask-wearing, which could
provide a physical filtration barrier to curb and intercept the
continuous transmission of these hazardous airborne microor-
ganisms, has been recognized as a priority.® However, the
global enforcement of mask-wearing has led to billions of
single-use N95 surgical masks being discarded daily, which
caused a significant burden on the environment.’ Additionally,
commercial masks can only act as a passive physical barrier and
have no function to inactivate pathogens accumulated on their
surfaces, which may cause serious secondary contamination
and even increase the potential risks of infection to the
wearer.'® Thus, replacing the worn masks regularly is of great
importance, yet, this would in turn aggravate the waste of
masks."" Therefore, given this high risk of secondary contami-
nation and environmental impact, it is urgent to explore a next-
generation mask with broad-spectrum inactivation and which is
easy to sterilize for reusable and long-term usage.
Photo-activated biocidal strategies, which could utilize
photosensitizers (PS) to generate reactive oxygen species (ROS)
or overheating upon irradiation to inactivate pathogenic micro-
organisms, have recently emerged as promising approaches for
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antimicrobial applications benefiting from the broad-spectrum
sterilization capability and satisfactory biocompatibility."*™**
Several PS materials including inorganic metal oxides (such as
TiO, and ZnO)" as well as organic compounds (such as
methylene blue and cyanine dyes)'® have been introduced
into mask systems to improve their self-sterilization
efficiency. However, the semiconducting metal oxide PS can-
didates, that can generate extremely reactive ROS to perform
good air disinfection, would usually require UV or blue light
for excitation.'”” The chemical conjugation of organic PS
compounds into the nanofibers of masks usually require
either complex processing or their disinfection efficiency is
far from satisfactory due to the organic chemicals and
solvent limitation.®2°

Alternatively, metal-organic frameworks (MOFs), which are
crystalline materials assembled by metal ions with organic
struts, have been vigorously investigated in the field of electro-
and photo-catalysis.?! The large specific surface area, high
porosity, and tunable post-modification enable MOFs not only
to be good candidates for optimizing the photocatalytic per-
formance but also to be an ideal platform for preparing the
smart antimicrobial systems upon light irradiation.”?
Currently, most of the MOF materials adopted have been uti-
lized in the form of bulk or powder due to the poor inter-
actions between the raw MOF particles and substrates, which
greatly limits their additional applications. Recently, we and
other researchers have embarked on studying the fabrication
of functionalized MOF films on substrates via feasible and
scalable methods. In a previous study, we firstly reported that
the zirconium-based MOF particle, UiO-66, could generate a
suitable amount of ROS under visible light to promote the
polymerization of dopamine, which interestingly could assist
the Ui0-66 film formation on various substrates.>* By introdu-
cing rose bengal into the MOF film, the photosensitizer-
adsorbed UiO-66 film demonstrated high-efficiency steriliza-
tion under visible light irradiation. Nevertheless, the valid anti-
bacterial period of this method highly relied on maintaining
the amount of photosensitizer, which was unsatisfactory for
long-term sterilization.

Herein, we present a simple but efficient photoactive
Fe@UiO-66@TA/SM film for the self-sterilization of masks.
The interaction between ferric ions (Fe’*) and tannic acids (TA,
a natural polyphenol) prompted the direct UiO-66 assembly
onto the outermost layers of the SM. In particular, it was a
notable discovery that the light absorption region of UiO-66
was expanded by the metal-phenolic networks (MPNs), in
return, featuring a photothermal and photodynamic antibac-
terial ability under simulated-solar irradiation without extra PS
molecules. Specifically, after irradiation for 20 min, the
Fe@UiO-66@TA/SM film showed remarkable antibacterial
activity against both Gram-positive bacteria Staphylococcus
aureus (S. aureus) and Gram-negative bacteria Pseudomonas aer-
uginosa (P. aeruginosa). Notably, the photocatalysis-functional
films displayed prominent prevention and sterilization of the
biofilm. Moreover, the Fe@UiO-66@TA/SM film demonstrated
excellent breathability, hemocompatibility and cytocompatibil-
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ity, indicating the security of the skin-touched application. The
MPN-assisted UiO-66 assembled antibacterial system
described here presents a general strategy for the construction
of self-sterilizing SMs with efficient bactericidal properties and
high biosafety.

Experimental

Materials

Zirconium(wv) chloride (ZrCl,, >99.9%) and tannic acid (TA,
>99.0%) were purchased from the Aladdin Industrial
Corporation. p-Phthalic acid (1,4-benzenedicarboxylic acid,
H,BDC, 2>99.0%) and ferric trichloride hexahydrate
(FeCl3-6H,0O, >99.0%) were purchased from Sinopharm
Chemical Reagent (Shanghai, China). Tris(hydroxymethyl)ami-
nomethane (Tris, >99.9%), sodium sulfate anhydrous (Na,SO,,
>99.95%), and Nafion 117 solution were purchased from
Macklin Reagent Company (Shanghai, China). Gram-positive
S. aureus, ATCC 6538 and Gram-negative P. aeruginosa, ATCC
9027 were provided by Nanjing Norman Biological Technology
Co. Ltd. Luria-Bertani (LB) broth and phosphate-buffered
saline (PBS; pH = 7.2 = 0.2) were purchased from Wuhan
Sewell Biological Technology Co., Ltd (China). The L929 cells
(mouse fibroblasts) were purchased from BeNa culture collec-
tion (BNCC, Suzhou, China). A LIVE/DEAD BacLight bacterial
viability kit (L-7012) was obtained from Molecular Probes, Inc.
The calcein acetoxymethyl ester (calcein-AM) and propidium
iodide (PI) were purchased from Beyotime (Shanghai, China).
The CCK-8 (cell counting kit-8) was purchased from Yeasen
Biotechnology Co., Ltd (Shanghai, China). Surgical masks (SM)
were purchased from Cofoe Medical Technology Co., Ltd
(Hunan, China).

Preparation of the UiO-66 particles

The UiO-66 nanoparticles were prepared according to a
method in the literature with slight adjustments.>® The ZrCl,
(53 mg, 0.227 mmol), H,BDC (34 mg, 0.227 mmol), and acetic
acid (450 pL) were fully dissolved in dimethylformamide (DMF,
15 mL) under ultrasonic mixing. The mixture obtained was
sealed in a Teflon-lined stainless-steel autoclave and placed in
an oven at 120 °C for 24 h. After slow cooling to room tempera-
ture, the products were centrifuged and washed three times
with DMF and methanol. Then white UiO-66 crystals were
obtained after vacuum-drying at 60 °C for 24 h.

Preparation of the Fe@UiO-66@TA

The Fe@UiO-66@TA films and particles were synthesized
using a typical one-pot method. The outermost layers of the
SM were chosen as model substrates. Before modification, the
substrates were cleaned by sonication with ethanal and ultra-
pure water for 20 min. After vacuum-drying, the SM films were
cut into 2 x 1.5 cm? sized pieces.

Fe@UiO-66@TA films. The assembly solution was prepared
by dispersing FeCl;-6H,0 (1.6 mg mL™"), TA (3.2 mg mL ™),
and UiO-66 (2 mg mL™") separately into the Tri-HCl buffer
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solution (pH = 8.5, 10 mmol L™"). Additionally, the UiO-66
nanoparticles and TA were simultaneously dispersed in the
assembly procedure. The assembly sequence was as follows:
the SM were immersed into the FeCl;-6H,O solution for 5 min,
followed by the addition of the TA solution (5 mL) or the TA
solution containing UiO-66 (5 mL). The mixture would turn to
dark blue rapidly and was then shaken for another 5 min. This
assembly cycle was repeated 10 times. The samples obtained
were rinsed in ultrapure water and dried at 60 °C in an oven,
which were designated as Fe@TA/SM Fe@UiO-66@TA/SM.

Fe@UiO-66@TA particles. Like the preparation of the
Fe@UiO-66@TA films, the assembly sequence was repeated 10
times without the addition of substrates. The Fe@TA and
Fe@UiO-66@TA particles were centrifuged from the resulting
solutions and dried at 80 °C in an oven.

Electrochemical measurement of the Fe@UiO-66@TA

The Mott-Schottky (MS) analysis was carried out on a CHI760E
electrochemical workstation (CH Instruments, China) in a stan-
dard three electrode system with the counter electrode and
reference electrode (Pt foil, Ag/AgCl in 3 mol L™ KCI). The
Na,S0; (0.5 mol L") was used as an electrolyte. Nanoparticles
(10 mg) were dispersed in the Nafion solution (500 pL, 0.5%) by
sonication. Then the homogeneous ink solution obtained was
dropped evenly and dried on the surface of the ITO glassy elec-
trode. The MS measurements were carried out in the frequency
range of 1000 Hz to 1500 Hz with a 10 mV perturbation.

The band gaps of UiO-66 and Fe@UiO-66@TA particles
were calculated according to the following formula:

ahv = A(hv — Ey)"* (1)

where «a is the optical absorption coefficient, % is the Planck
constant, v is the optical frequency, E, is the band gap energy,
and A is a constant (mainly the UV-vis DRS absorbance).
Additionally, n is related to the optical transition types of the
semiconductor, where the direct allowed transition is 1 and
the indirect forbidden transition is 4.>>*® Therefore, UiO-66 is
a typical direct semiconductor material (n = 1).%”

Photothermal conversion measurement

The photothermal conversion effects of the SM, Fe@TA/SM,
and Fe@UiO-66@TA/SM samples were measured by simulating
the solar illumination. During the simulation, the temperature
of each sample was recorded at 5 s intervals for a total of 180 s
using a thermal imager (FLIR E5-XT). To evaluate the photo-
stability of the Fe@UiO-66@TA/SM, the sample was exposed to
on/off cyclic irradiation for 180 s followed by cooling to room
temperature. The irradiation cycle was repeated five times.
Moreover, to avoid the experimental error that might be
caused by the high power of the simulated-solar light itself,
diffusion heat treatment was used throughout the whole test.

In vitro antibacterial tests

S. aureus and P. aeruginosa were chosen as the representative
Gram-positive and Gram-negative bacteria, respectively. Prior
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to the tests, all the experimental materials were sterilized in an
autoclave, and samples (SM, Fe@TA/SM, and Fe@UiO-66@TA/
SM) were placed in 12-well plates followed by UV sterilization
for 30 min. The Luria-Bertani (LB) broth bacterial suspension
(10° CFU per mL, 3 mL) was added to the plates and they were
cultured in a 37 °C oven for 3 h. After incubation, the samples
were moved to a new plate followed by irradiation with the
simulated-solar illumination for 20 min. In addition, to avoid
the experimental error that might be caused by the high power
of the light, the diffusion heat treatment was used throughout
the whole illumination progress, and the simulated-solar light
was 40 cm above the samples. As a reference, all the corres-
ponding samples were kept in darkness for 20 min. Then,
3 mL of PBS buffer was added to the plate and mixed ultra-
sonically for 3 min. Next, 100 pL of the resultant bacterial sus-
pension was placed onto the LB-agar culture medium plates
and evenly spread. Subsequently, the Petri dishes were incu-
bated in a 37 °C oven for 16 h, photographed, and then the
bacteria colonies were counted.

In vitro anti-biofilm tests

The P. aeruginosa was chosen as the representative bacteria to
evaluate the anti-biofilm property. Prior to the tests, all the
experimental materials were sterilized in an autoclave, and
PET films were cut into 1.0 x 1.5 cm? sized pieces and steri-
lized by UV light for 30 min. All the samples (SM, Fe@TA/SM,
and Fe@UiO-66@TA/SM) were placed in 12-well plates followed
by UV sterilization for 30 min. The PBS bacterial suspension
(10”7 CFU per mL, 2 mL) was added to the plates and the cells
were cultured in a 37 °C oven for 3 h. Then, the samples were
taken out, gently washed with PBS, and this was followed by
the irradiation with the simulated-solar illumination for
20 min. Afterwards, all the samples were moved to a new
6-well plate and Luria-Bertani (LB) broth was added to each
well before a 3 min ultrasound treatment. Then the samples
were discarded, and replaced by the pre-cut PET films and
incubated for 24 h at 37 °C. The resulting PET pieces were
slightly washed with PBS and stained with a LIVE/DEAD
BacLight bacterial viability kit for 15 min in the dark. After a
freeze-drying procedure, the PET pieces were photographed
using confocal laser scanning microscopy (CLSM, Zeiss
Celldiscoverer 7, Germany) and then analyzed by Image] soft-
ware to observe the growth of the biofilms.

To test the property of the anti-biofilm, PET pieces were
first immersed into LB broth bacterial suspensions (107 CFU
per mL, 2 mL) to form a biofilm at 37 °C. Afterwards, the
obtained PET were covered with samples (SM, Fe@TA/SM, and
Fe@UiO-66@TA/SM) and this was followed by 20 min of simu-
lated-solar illumination. The resulting PET pieces were slightly
washed with PBS and stained with a LIVE/DEAD BacLight bac-
terial viability kit for 15 min in the dark. After a freeze-drying
procedure, the bacteria on PET pieces were photographed
using the confocal laser microscopy (Zeiss Celldiscoverer 7,
Germany) and then analyzed by Image] software.

In addition, all the corresponding samples were kept in the
darkness for 20 min as reference samples. To avoid the experi-
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mental error that might be caused by the high power of the
light, the diffusion heat treatment was used throughout the
whole illumination progress, and the simulated-solar light was
placed 40 cm above the samples.

In vitro cytocompatibility assay

The calcein acetoxymethyl ester (calcein-AM) and propidium
iodide (PI) dual staining was adopted to observe the cytocom-
patibility of the samples. Firstly, L929 normal fibroblast cells
were seeded into a 48-well plate (10* cells per well, 100 uL
medium) for 24 h. Then the medium was refreshed and co-cul-
tured with samples for another 24 h. Next, each well was gently
washed with PBS and stained with a calcein-AM/PI mixture at
37 °C for 30 min. Then each well was washed three times with
PBS, and photographed using the confocal laser microscope
(Zeiss Celldiscoverer 7, Germany).

Then, the standard CCK-8 (cell counting Kkit-8,
Kumamoto, Japan) assay was carried out to estimate the
cytocompatibility of the samples. Before the test, the
samples were immersed into a high glucose Dulbecco’s
modified Eagle’s medium (HG-DMEM) with 10% foetal
bovine serum (FBS) and 1% penicillin/streptomycin for 24 h
to obtain the soakage solutions. The cells were seeded into
a 96-well plate (10" cells per well, 100 pL medium) and
placed in a 5% CO, incubator at 37 °C for 24 h. Afterwards,
cell incubation solutions were replaced by the above soakage
solution (100 pL per well). After a further 24 h of incu-
bation, the soakage solutions were removed, each well was
washed with PBS, followed by the addition of 100 pL of
10% CCK-8 solution. After staining for 1 h in darkness, the
absorbance of each well at 450 nm was immediately deter-
mined using an enzyme marker. In addition, the control
group was performed using the only HG-DMEM solution
(with 10% FBS and 1% PS), and all experiments were
carried out in triplicate and the results were used to create
the statistical data.

In vitro hemocompatibility assay

Fresh rabbit blood was used to determine the hemocompat-
ibility of samples. Prior to the test, all the samples were cut
into 0.5 x 0.5 cm” pieces and immersed in PBS buffer (pH =
7.2 £ 0.2) at 30 °C for 1 h to equilibrate the surface. The fresh
rabbit blood was centrifuged for 15 min (1000 rpm) to separate
the platelet-rich plasma (PRP) and the red blood cells (RBC).
After removing the supernatant suspension, 2 mL of normal
saline was added to dilute and wash the RBC, they were then
centrifuged for 5 min (2000 rpm). After washing twice, the
RBC solution was diluted to a concentration of 5%. The pre-
pared samples were then put into a 24-well plate, followed by
the addition of 300 pL of 5% RBC solution on each surface.
After incubation at 37 °C for 2 h, the resulting 5% RBC solu-
tion was centrifuged for 3 min (3000 rpm), recorded photogra-
phically, and the corresponding ODs,4, values of each super-
natant suspension were measured. Additionally, as control
experiments, the RBC were diluted in water or normal saline to
act as the positive and negative controls, respectively. The hae-
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molysis ratio was calculated according to the following
formula:

Haemolysis ratio (%) = (ODsample — ODnegative)/ (ODpositive
- ODnegative) (2)

Breathability tests

The water vapor transmission rates (WVTR) of the samples
were measured to evaluate the permeability of the samples.*®
Briefly, samples were cut to a size of 1.5 cm x 1.5 cm and then
placed on a vial, which contained 10 mL of ultrapure water.
The vial was incubated in an incubator at 37 °C for 24 h and
then weighed to calculate the WVTR.

Characterization

The particle and surface morphology were monitored using a
scanning electron microscope (SEM, Hitachi, SU8020, Japan)
at an accelerating voltage of 5 kV. The internal structures of
the samples were characterized by transmission electron
microscopy (TEM, Jeol, JEM-2100F). The size distribution and
zeta-potentials of all particle samples were determined using
dynamic light scattering (Malvern Panalytical, Zetasizer Nano
7S90). The crystal structures of the as-synthesized UiO-66 and
modified powders were recorded by X-ray diffraction (XRD,
Shimadzu XRD-6000) with Cu-Ko radiation (1 = 1.5418 A). The
chemical composition of the particles and the corresponding
surfaces were characterized by Fourier-transform infrared
(FTIR, PerkinElmer spectrophotometer) and attenuated total
reflectance Fourier-transform infrared spectroscopy (ATR-FTIR,
Bruker Vertex 70v). Thermogravimetric analysis (TGA) was con-
ducted on a thermal analyser (Bruker, Vertex 70v) from room
temperature to 800 °C under an air atmosphere with a heating
rate of 10 °C min~'. The UV-vis diffuse reflectance spec-
troscopy (DRS) was conducted on an ultraviolet and visible
light spectrophotometer (PerkinElmer, Lambda 950). The
optical density (OD) values were determined by a Multiskan
SkyHigh Microplate Spectrophotometer (ThermoScientific,
A51119600).

Results and discussion
Assembly and characterization of the Fe@UiO-66@TA films

The simple and scalable preparation for producing
Fe@UiO-66@TA film is shown schematically in Fig. 1. The
UiO-66 particles were first prepared according to a previously
reported hydrothermal reaction method.>* As shown in Fig. 1a,
the as-synthesized UiO-66 particles were mostly uniform,
smooth, and intact. Corresponding to the scanning electron
microscopy (SEM) image, the dynamic light scattering (DLS)
result showed that the UiO-66 particles were mainly monodis-
persed with a diameter of ~305 nm (Fig. 1b). A vital measure-
ment of MOF crystal composition, X-ray diffraction (XRD), was
used to further determine the crystal formation of the UiO-66.
As shown in Fig. 1c, the characteristic peaks of the as-prepared
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Fig. 1 (a) The SEM image, (b) the DLS measurement image, and (c) the
XRD pattern of the UiO-66 particles, (d) the Fe@TA LbL assembly of the
UiO-66 particles, the SEM images of (e) a pristine SM, (f) the Fe@TA/SM,
and (g and h) Fe@UiO-66@TA/SM. (i) The ATR-FTIR and (j) TGA curves
of Fe@TA/SM and Fe@UiO-66@TA/SM films.

particles were in good agreement with the simulated UiO-66
XRD pattern, indicating that the UiO-66 crystal particles with a
high purity had been successfully constructed.**°
Furthermore, the UiO-66 particles can maintain an intact mor-
phology and crystal structure after being immersed in Tris-HCI
buffer (pH = 8.5) for 2 h (Fig. S1}), demonstrating an excellent
stability for subsequent assembly processes.

Due to the poor interactions between the raw MOF particles
and substrates, it was difficult to prepare uniform MOF films
on the material’s surface. Mussel inspired, surface-modified
techniques have been widely proven to be a simple and rapid
strategy for constructing nanofilms on various substrates.”" In
this context, the UiO-66 particles were constructed on the
surface of the SM substrate with the assistance of the assembly
between tannic acid (TA) and ferric ions (Fe**), and the result-
ing film was designated as Fe@UiO-66@TA/SM (Fig. 1d). As
shown in Fig. 1e, the pristine SM was composed of crosslinked
fibers with a smooth morphology and a dimensional network
which leads to high air permeability. A similar appearance was
seen on the SM which was treated only with UiO-66 particles,
demonstrating that virtually no UiO-66 particles were immobi-
lized on the SM (Fig. 1f). In comparison, some small nano-
particle agglomerations could be observed on the fiber surface
which was treated by the TA/Fe solution for only 5 min, con-
firming their easy and fast assembly capability on substrates
(Fig. 1g). As such, when the UiO-66 particles and TA/Fe solu-
tion were synchronously added into this system, the nano-
structures which may involve the UiO-66 crystal and the TA/Fe
assembly were evenly and broadly grown on the surface of the
SM fiber, indicating the successful construction of the hybrid
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coating (Fe@UiO-66@TA) (Fig. 1h). Notably, the dimensional
network of the fibers was still maintained even after 10 cycles
of co-assembly between the UiO-66 particles and the TA/Fe
solution, which guarantees permeability during the wearing of
the SM. The elemental analysis (Fe, Zr) of the Fe@UiO-66@TA/
SM films by XPS confirmed the loading of UiO-66 and Fe/TA
(Fig. S21).

The attenuated total reflection-Fourier infrared (ATR-FTIR)
was employed to investigate the chemical variations of the SM
surfaces caused by the co-assembly of UiO-66 and TA/Fe
(Fig. 1i). Compared with the pristine SM surface, the remark-
able increase of the bands at 3100-3600 cm™" for Fe@TA/SM
and Fe@UiO-66@TA/SM were attributed to the O-H stretching
of TA.** Moreover, the absorption peak at 1708 cm™* belonged
to the characteristic band of -COOH in TA, further confirming
the existence of the Fe@TA coatings.>® As displayed in the
curve of Fe@UiO-66@TA/SM, two new absorption peaks
appeared at 1504 and 1397 cm ™, which were attributed to the
ligand of the UiO-66 particles (benzene ring C=C and -COOH
vibration) On the basis of the above results, the
Fe@UiO-66@TA films were successfully constructed on the
surface of the SMs.

The thermal stabilities of the UiO-66, Fe@TA/SM and the
Fe@UiO-66@TA/SM films were evaluated by thermo-gravi-
metric analysis (TGA) (Fig. 1j). For the Fe@TA/SM and
Fe@UiO-66@TA/SM films, the loss of the adsorbed water
occurred before 200 °C. The sharp weight loss between 450 °C
and 475 °C might be ascribed to the degradation of the SM.
For the UiO-66 particles, the degradation of the organic frame-
works occurred at 550 °C, leaving a residual weight of 47%.
The residual weights of UiO66 and Fe@UiO-66@TA/SM were
about 47% and 4%, respectively. The amount of the Fe@TA-
assisted particles used in the assembly of the Fe@UiO-66@TA/
SM films was calculated to be approximately 8.5%.

Verification of the assembled Fe@UiO-66@TA nanoparticles

As demonstrated, with the help of the unique complexation
between polyphenol and iron, the UiO-66 particles could be
readily assembled onto the fiber of the SMs. To further investi-
gate the assembly process and mechanisms, the nanoparticles
produced in the mixed solution were collected and analysed
(Fig. 2a). As shown in Fig. 2b, compared with the smooth and
conformal surface of the pristine UiO-66 (Fig. 1a), the
Fe@UiO-66@TA particles were evenly covered by the spot-like
rougher surface morphology. Furthermore, the DLS analysis
was utilized to verify the size change of the Fe@UiO-66@TA
particles. After modification, the diameter of the particles
increased to ~326 nm, demonstrating that nano-films were
formed on the UiO-66 surfaces (Fig. 2c). Additionally, the
transmission electron microscopy (TEM) image of the hybrid
Fe@UiO-66@TA particles exhibited a typical core-shell struc-
ture, further confirming that the UiO-66 particle was enfolded
in an MPN coating (Fig. 2d). The TEM and the EDS-mapping
of the Fe@UiO-66@TA nanoparticles for the C, Fe, O, and Zr
elements (Fig. 2e) was carried out, and demonstrated the suc-
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Fig. 2 (a) Schematic illustration of the one-pot modification of the par-
ticles. (b) An SEM image and (c) a TEM image, and (d) the DLS measure-
ment graph of the Fe@UiO-66@TA particles. (e) The elemental mappings
of Fe@UiO-66@TA for the distribution of the C (yellow), O (orange), Zr
(pink) and Fe (light blue) elements, (f) the graph of the zeta-potentials
of UiO-66 and Fe@UiO-66@TA particles, (g) the FTIR scans of the
UiO-66, Fe@TA, and Fe@UiO-66@TA particles, and (h) the XRD patterns
of the Fe@TA and Fe@UiO-66@TA particles.

cessfully assembly of the MPN on the UiO-66 surface, guaran-
teed the subsequent synergetic PTT and PDT effects.

To confirm that the outermost coating of the UiO-66 par-
ticle came from the Fe@TA complex, the property of the
Fe@UiO-66@TA particles were characterized using zeta-poten-
tials and the FTIR spectrum. Compared with the pristine
UiO-66 particles, the zeta-potential of Fe@UiO-66@TA showed
decreased values which may be attributed to the increased
hydroxyl groups originating from TA, and thus demonstrating
the existence of TA on the particle surfaces (Fig. 2f). As further
revealed by the FTIR spectrum, when compared with pristine
UiO-66, the Fe@UiO-66@TA hybrid nanoparticles exhibited
new absorbance bands at 1584 cm™ and 1396 cm™*, which
belonged to the asymmetric and symmetric stretching of car-
boxyl functional groups (O=C-OH), respectively (Fig. 2g).
Additionally, the characterization peak of 1506 cm™ was
attributed to the C=C in the benzene rings.>>** Moreover, the
Fe@UiO-66@TA, when compared with the Fe@TA, displayed
intensive absorbance bands at 1710 cm™" and 1194 cm™?, and
these corresponded to the vibrations of the C=0 and O-H in
TA, respectively.> The above characterization peaks revealed
that the outermost coating on the surface of the UiO-66 par-
ticle was the Fe/TA complex.>® Collectively, these results
demonstrated that the co-assembly of UiO-66 and Fe/TA on the
SM fibers might start from the decoration of the Fe/TA
complex for UiO-66, and subsequently formed the
Fe@UiO-66@TA particles integrally adhered onto the fiber
surface. Accordingly, this phenomenon demonstrated a feas-
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ible and convenient strategy to prepare MOF thin films on the
desired substrates, which may help to expand the applications
of functionalized MOFs.

To investigate whether the performances of the UiO-66 par-
ticles was compromised after the introduction of the Fe/TA
coating on their surfaces, the BET surface area and porosity
property of the particles were first evaluated using the N,
adsorption-desorption isotherms. As shown in the Fig. S3 and
Table S1,T the BET surface area of the Fe@UiO-66@TA (128.2 +
3.1 m* g”") was decreased when compared with the pristine
Ui0-66 particles (957.8 + 27.8 m*> g™ '), indicating that the
layer-by-layer (Ibl) assembly of the non-porous Fe@TA could
brought impact on the porosity property when endowing the
excellent PTT/PDT property of pristine UiO-66. Moreover, the
Fe@UiO-66@TA hybrid nanoparticle displayed the same
typical XRD patterns as the pristine UiO-66 particles (Fig. 2h),
demonstrating that the physical crystalline structures of
UiO-66 could be maintained well, even after the introduction
of the Fe/TA coating. Therefore, the Fe/TA coating caused no
damage to the UiO-66 particles.?”

Photocatalytic sensibilization and photothermal property of
the Fe@UiO-66@TA

Taking advantages of the fast assembly property and excellent
photothermal effect, the TA/Fe nanoparticles or coatings have
been used intensively to combat bacterial infections.*®
Generally, a satisfactory photothermal therapy (PTT) would
require prolonged and hyperthermic (above 70 °C) treatments,
however, the hyperthermia effect would inevitably lead to
severe side effects for patients.’® As an alternative, the syner-
gism of photodynamic therapy (PDT) and PTT could achieve
superior antibacterial performances under moderate tempera-
tures and biocompatible conditions. However, the realization
of the synergistic therapy promises a co-irradiation treatment
with different wavelengths, which creates a complicated and
tedious procedure.?® In previous work, we first reported that
UiO-66, a classical Zr-based MOF with high structural stability
and excellent biocompatibility, could generate a small but suit-
able amount of reactive oxygen species (ROS) under visible
light with the assistance of the dopamine-sensitized effect.”?
Therefore, in addition to the PTT effect from the Fe@TA, we
speculated that the hybrid Fe@UiO-66@TA might also gene-
rate ROS which originated from the sensibilization, which was
like using dopamine under a single light source.

To verify this hypothesis, the measurement of the ultra-
violet-visible diffuse reflection spectrum (UV-vis DRS) was first
used to observe the optical absorption abilities of the
Fe@UiO-66@TA particles. As shown in Fig. 3a, the pristine
UiO-66 particle had almost no visible light absorption under
the irradiation of simulated-solar irradiation. In sharp con-
trast, after the integration of Fe@TA, the synthesized
Fe@UiO-66@TA particles displayed a significant enhanced
absorption, demonstrating that the hybrid of Fe@TA on the
UiO-66 surfaces effectively extended the visible light adsorp-
tion region (Fig. 3d). In addition, to further investigate the
optical changes caused by the Fe@TA modification, the band
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Fig. 3 (a and b) UV-vis diffuse reflectance spectra of UiO-66 and
Fe@UiO-66@TA, (c and d) the Tauc plots of UiO-66 and Fe@UiO-66@TA,
(e and f) the Mott—Schottky plots for UiO-66 and Fe@UiO-66@TA. (g)
The photocatalysis sensibilization of the Fe@UiO-66@TA particles under
the simulated-solar irradiation. (h) Photographs and infrared thermal
images of SM, Fe@TA/SM and Fe@UiO-66@TA/SM before and after the
simulated-solar irradiation for 180 s. (i) Temperature variations of SM,
Fe@TA/SM and Fe@UiO-66@TA/SM with the simulated-solar irradiation
recording by the infrared camera every 10 s interval. (j) Temperature
rising and cooling profiles of when the irradiation is on/off under the
simulated-solar irradiation. (k) Schematic illustration of the photo-
catalytic  sensibilization and photothermal property of the
Fe@UiO-66@TA.

gap energies (E,) of the particles were predicted from the Tauc
plots. In Fig. 3b, the E, of the UiO-66 particle was about 3.95
eV, which agreed with the previously reported results.*® For the
Fe@UiO-66@TA, the E, decreased to 3.50 eV, implying that the
Fe@TA coating could narrow the band gap of UiO-66, and thus
enhance the potential ability to utilize the visible light region
in sunlight (Fig. 3e).

As a further identification of the Fe@TA sensibilization, the
valence band potentials (Vyg) of the samples were determined
using the Mott-Schottky (M-S) spectra at different frequencies
to further confirm the Fe@TA catalysis of UiO-66. As illustrated
in Fig. 3¢ and f, after the plot fitting process, both the UiO-66
and Fe@UiO-66@TA exhibited positive slopes, indicating the
typical n-type nature of the semiconducting material.*' Given
that the flat-band potential (Vgg) of the n-type semiconductors
gave the information about the conduction band edge, the Vig
values were then estimated.*>** The Vgg of the samples were
calculated from the intersections of the fitted UiO-66 curves
and the Fe@UiO-66@TA curves, and the Vi were —0.93 V vs.
Ag/AgCl and —1.05 V vs. Ag/AgCl, respectively. Therefore, the
conduction band edges (V) of UiO-66 and Fe@UiO-66@TA
were about —0.73 V vs. NHE and —0.85 V vs. NHE, respectively.
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Combined with the E, calculated from the UV-vis DRS spectra
and the formula, the valence band potentials of UiO-66 and
Fe@UiO-66@TA were 3.22 V and 2.65 V. Consequently, the
Fe@UiO-66@TA exhibited narrower band gaps and more nega-
tive conduction band potentials than the single UiO-66, which
was negative enough to reduce the surface adsorbed O, to 'O,
(-0.33 V vs. NHE) (Fig. 3g).*»*> Similarly, the Fe@UiO-66@TA/
SM film was expected to be endowed with a unique photo-
catalytic sensibilization, utilizing sunlight extensively to
achieve the photodynamic antibacterial property (Fig. 3f).

In addition, the photothermal effect of the Fe@UiO-66@TA
was mediated by Fe@TA, which is known for its mild and
bionic PTT performance.*® The photothermal performances of
the samples were firstly evaluated by monitoring the tempera-
ture change under the simulated-solar irradiation. As shown in
Fig. 3h, the pristine SM presented a slow and insignificant
increase in temperature with the extension of the irradiation
time, indicating the lack of photothermal conversion of the
facemask fibers. In comparison, after the introduction of the
Fe@TA complex, rapid and remarkable temperature increases
were observed on the hybrid Fe@TA/SM sample, demonstrat-
ing that the Fe@TA coating could render the SM with an excel-
lent light-to-heat conversion capability. Notably, with the
further integration of UiO-66 into the hybrid SM, the
Fe@UiO-66@TA/SM sample showed a more significant
increase in temperature (64.5 °C) under the same irradiation
conditions (Fig. 3i). This phenomenon might be attributed to
the fact that the introduction of the UiO-66 particles increased
the content of the metals which accounted for the photother-
mal conversion. Moreover, the heating/cooling curves were
also recorded according to the requirements for the long-
lasting stability of the protective equipment. As shown in
Fig. 3j, after five cycles, the temperature curve could remain
relatively consistent without obvious changes of surface mor-
phology and structure (Fig. S4t). These results collectively
suggested that the Fe@UiO-66@TA/SM film could guarantee
satisfactory thermal energy under the simulated-solar
irradiation.

Antibacterial property of Fe@UiO-66@TA/SM films

Given the ingenious combination of photothermal and photo-
dynamic properties, the in vitro antibacterial performance of
Fe@UiO-66@TA/SM was evaluated against S. aureus and
P. geruginosa. To distinguish the individual bactericidal effects
between the PDT and PTT, a plate counting method was con-
ducted as in previous research. As shown in Fig. 4a and b, in
the absence of irradiation, there was no detectable difference
in the bacterial survival rate between Fe@UiO-66@TA/SM and
pristine SM, demonstrating that the hybrid Fe@UiO-66@TA
had no adverse effects on the bacterial activity. In contrast, a
remarkable decrease (80% approximately) of the bacterial sur-
vival rates were observed on the Fe@TA/SM for both Gram-
positive S. aureus and Gram-negative P. aeruginosa upon simu-
lated-solar irradiation for only 20 min. This phenomenon indi-
cated that taking advantage of excellent photothermal conver-
sion, the Fe@TA modified substrates could certainly have an

Inorg. Chem. Front., 2024, M, 4229-4240 | 4235


https://doi.org/10.1039/d4qi00715h

Published on 25 2024. Downloaded on 05/12/25 12:49:40.

Research Article

(a)

S. aureus P. aeruginosa
- EFe@Ui
SMiLight ight
(b) T .

5
5
T

Fig. 4 Representative photographs of the agar plates for (a) S. aureus
and (b) P. aeruginosa on the LB agar plate. (c) The histogram of the rela-
tive bacterial survival (%) corresponding to treatments used, and (d) a
schematic illustration of the antibacterial properties of Fe@UiO-66@TA/
SM films. Significant difference: ****p < 0.0001, ***p < 0.001, **p < 0.01,
p > 0.05 no significant difference (ns).

encouraging antibacterial capability. However, there was still a
non-negligible number of live microorganisms on the Fe@TA/
SM surface, which might infect the mask wearer or act as a
source of secondary contamination. Notably, under the same
irradiation conditions, the SM modified with Fe@UiO-66@TA
hybrid nanoparticles displayed a superior bactericidal per-
formance such that there was no detectable bacterial colony
observed on the ager plate. Obviously, the extremely high anti-
bacterial efficiency of Fe@UiO-66@TA/SM might be attributed
to the synergistic PDT/PTT effect so that the hyperthermia
could eliminate most of the adhered bacteria while the outer
membrane permeability of the remaining live bacteria was
changed simultaneously, which would be convenient for the
ROS to have an enhanced bactericidal property (Fig. 4c). These
results together revealed that with the Fe@UiO-66@TA nano-
particle, a hybrid photocatalyst, modified surgical mask could
be a viable and strong protective strategy against the spread
and infection of pathogens (Fig. 4d).

Anti-biofilm property of the Fe@UiO-66@TA/SM film

After the attachment, the microorganisms tend to develop, to
form a stubborn biofilm which is not only a suitable micro-
environment for bacterial growth but also a protective barrier
against biocidal agents. It was verified that up to 1000 times
higher tolerance against antibiotics can be achieved by the
bacteria embedded in a biofilm when compared to their plank-
tonic counterparts.®” Therefore, antibacterial surfaces that can
prevent the bacterial attachment and restrain the subsequent
biofilm formation are highly significant. In this context, we
expected that the Fe@UiO-66@TA functionalized surface
might have the capability to resist the formation of stubborn
biofilms. As a proof-of-concept, the Gram-negative bacteria
P. aeruginosa was chosen as a model bacterium to assess the
prevention and penetration against the biofilm samples
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because of their continual biofilm formation and tendency to
show antimicrobial resistance. Here, two experiments were
designed and carried out to test the resistance of the samples
to biofilm formation. Briefly, after incubation in the bacterial
suspension (PBS, 2 mL, 10° CFU per mL) for 3 h, the samples
were irradiated under the simulated-solar light or left in the
dark for 20 min. Subsequently, the bacterial cells attached
onto the pristine or to the particle modified mask surfaces
were dispersed in LB media to contaminate the sterile PET
which were used as the model substrate to evaluate the recon-
tamination and biofilm formation property of the bacteria.
Then, the PET obtained was stained using a LIVE/DEAD
BacLight bacterial viability kit (L-7012) and observed under
the confocal laser scanning microscope to evaluate the growth
of the bacterial cells. As shown in Fig. 5a, after incubation in
the LB media, all the PET surfaces processed with the dark
group were densely covered with biofilms, indicating that a
non-bactericidal surgical mask surface could deliver sufficient
live bacteria to perform colonization, proliferation, and
biofilm formation on the other fresh substrates. Notably, even
when processed with the simulated-solar light irradiation, the
contaminated Fe@TA/SM sample could lead to significant
biofilm formation on the conceptual PET surface. This result
certified that the adhered bacteria could not be completely
killed if depending on only the mild photothermal property in
this system, and the survival of a small amount of residual bac-
terial cells could still cause serious biofilms on other sterile
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Fig. 5 (a) Representative CLSM images of the P. aeruginosa attached to
the PET surface obtained for the SM (left), Fe@QTA/SM (middle) and
Fe@UiO-66@TA/SM (right) solution, (b) a comparison of the bacterial
coverage, and (c) anti-biofilm ratio of SM, Fe@TA/SM, Fe@UiO-66@TA/
SM samples. (d) Representative CLSM images of P. aeruginosa attached
on the PET surfaces after treatment with SM (left), Fe@TA/SM (middle)
and Fe@UiO-66@TA/SM (right) samples, (e) the corresponding live/dead
bacterial coverage statistics, and (f) the dead bacterial coverage of the
CLSM images. Significant differences: ****p < 0.0001, ***p < 0.001, **p <
0.01, p > 0.05 no significant difference (ns).
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surfaces. In sharp contrast, after the same simulated-solar
light irradiation for the Fe@UiO-66@TA/SM sample, the
extracted suspension was incapable of prompting the bacterial
adhesion and biofilm formation on the fresh substrates as ver-
ified by the fact that there was no detectable bacterial cells
present on the corresponding PET surface. Together these
phenomena demonstrated that the as-prepared
Fe@UiO-66@TA/SM films take advantage of the synergistic
effects of the PDT and PPT and were able to thoroughly steri-
lize the initial adherent bacteria, and thus they obstructed the
biofilm formation and the second contamination for the fresh
substrates.

These encouraging results prompted us to investigate
whether the Fe@UiO-66@TA modified surfaces could disperse
established biofilms. In this experiment, the surgical mask
modified with or without the Fe@UiO-66@TA particles were
covered by the PET films which had been constructed with
mature biofilms in advance, and then the solar-simulated light
irradiation was executed for that composite. As shown in
Fig. 5d and e, in the absence of simulated-solar light
irradiation, numerous activated bacterial cells remained on
the PET surfaces treated with pristine SM and
Fe@UiO-66@TA/SM. A similar overwhelming green fluo-
rescence of the CLSM image was shown on the SM sample
which was suffering from the irradiation of solar-simulated
light, indicating that the heat generated by the irradiation
within 20 min had negligible effects on the activity of the bac-
teria embedded in the biofilm. After introducing the Fe@TA
nanoparticles onto SM, with the assistance of solar-simulated
light irradiation, several patches of red fluorescence (indicat-
ing dead bacterial cells) were displayed on the corresponding
PET surface. Yet, most of the bacteria covered area (more than
97%) still displayed green fluorescence, indicating that the
photothermal effect of the Fe@TA could exert a limited
adverse impact for the bacterial activity protected by the
biofilm. In contrast, an area covered with a significant number
of dead bacteria (more than 99.8%) was observed on the
surface treated with Fe@UiO-66@TA/SM and irradiation. Such
differences could be attributed to three possible causes: (1) the
introduction of the UiO-66 crystals into the hybrid particles
could enhance the photothermal effect of the Fe@UiO-66@TA/
SM; (2) taking advantage of the photocatalytic sensibilization
of Fe@TA complex, the Fe@UiO-66@TA/SM could generate
ROS which were harmful for the bacteria; and (3) the photo-
thermal effect could increase the permeability of the biofilm,
which rendered the ROS more likely to penetrate the formed
biofilms. These results demonstrated that the constructed
Fe@UiO-66@TA particle exhibited promising potential for
combating preformed biofilms in the presence of solar light
irradiation.

In vitro biocompatibility and breathability of the
Fe@UiO-66@TA/SM film

As for the biomedical materials, good biocompatibility of the
Fe@UiO-66@TA film is essential if direct contact with the skin
is being considered. Therefore, the in vitro compatibility of
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Fig. 6 (a) Representative images of L929 cells cultured with SM,
Fe@TA/SM, and Fe@UiO-66@TA/SM, (b) results of the CCK-8 cell viabi-
lity, (c) the haemolysis ratio (%) and (d) water vapor transmission rate
(WVTR) of SM (S1), Fe@TA/SM (S2) and Fe@UiO-66@TA/SM (S3). Inset:
digital images of red blood cell suspensions. Significant difference: ****p
< 0.0001, ***p < 0.001, **p < 0.01, p > 0.05 no significant difference (ns).

Fe@UiO-66@TA/SM was tested using the L929 fibroblast cells
and fresh rat blood cells. To evaluate the cytocompatibility of
the Fe@UiO-66@TA/SM, a live/dead staining assay was per-
formed to visualize the viability of cells. After a 24 h co-culture
with samples, the cells were stained with calcein-AM and PI
dual staining dye and observed under a confocal laser micro-
scope. As shown in Fig. 6a, a strong green fluorescence was
displayed on the surface, demonstrating that almost no cells
were inactivated after incubation with the samples. Moreover,
most cells of the Fe@UiO-66@TA/SM group exhibited a typical
spindle state of morphology, showing no significant difference
when compared to the two other groups. To further quantitat-
ively assess the cytotoxicity of the samples towards the cells, a
cell counting kit (CCK-8) test was performed (Fig. 6b). After a
24 h co-incubation with the samples and then staining with a
CCK-8 kit, all the cells maintained a viability of more than
92%, demonstrating that the functional film had no adverse
influence on the cells.

As another crucial standard of biocompatibility, the haemo-
compatibility of the samples was then investigated. As shown
in Fig. 6c¢, the haemolysis ratios of the modified surfaces were
all less than 5%, which was like the negative control (pure
blood cell solution), thus implying a remarkable hemocompat-
ibility. Meanwhile, the water vapor transmission rate (WVTR)
of the Fe@UiO-66@TA/SM was found to be 3251 + 49 g m™>
24 h, which was close to that of the pristine SM (3328 + 58 g
m~? 24 h), indicating that the modification process had almost
no effect on air permeability and confirmed that the
Fe@UiO-66@TA/SM could potentially serve as a self-bacteri-
cidal mask that was bio-safe, and had breathability.

Conclusions

In summary, we have developed a photocatalytic
Fe@UiO-66@TA/SM film on protective equipment for self-steri-
lization and long-term usage. Because of the unique inter-
action between the ferric ions and the tannic acid, UiO-66 par-
ticles were strongly co-assembled on the SM surfaces in a
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simple and ultrafast way. Notably, such metal-phenolic net-
works (MPNs) were proved to act as a bridge for the sensibiliza-
tion of the UiO-66 particles, which could enhance the potential
ability to utilize the visible light region in sunlight.
Additionally, the MPNs were also a typical inherent photother-
mal reagent which guaranteed a satisfactory thermal energy
under the simulated-solar irradiation. Benefiting from the col-
lective photocatalytic advantages, the Fe@UiO-66@TA/SM
could achieve a high-efficiency self-sterilization property
against both Gram-positive S. aureus and Gram-negative
P. aeruginosa (more than 99%) upon the irradiation with
stimulated-solar light for only 20 min. Notably, the anti-
biofilm experiments indicated that the Fe@UiO-66@TA/SM
could conspicuously reduce and destroy biofilms. The biocom-
patibility results demonstrated that the Fe@UiO-66@TA/SM
maintained excellent breathability, haemocompatibility and
cytocompatibility, permitting the safety of the skin when it is
touched. Overall, the Fe@UiO-66@TA/SM surface, we devel-
oped here, showed a methodology for the construction of a
self-sterilization SM with efficient bactericidal properties and
good biosafety. This strategy also offers a new hope for mitigat-
ing the pollution caused by the compulsory use of protective
equipment and reduce the heavy burden on the environment.
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