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Hot-Pressing Metal Covalent Organic Frameworks as

Personal Protection Films

Jiajia Wang, Li Li, Chuanshan Xu, Hong Jiang, Qin-Xie Xie, Xin-Yi Yang, Ji-Cheng Li,
Huiying Xu, Yifa Chen,* Wei Yi,* Xu-Jia Hong,* and Ya-Qian Lan

Effective personal protection is crucial for controlling infectious disease
spread. However, commonly used personal protective materials such as
disposable masks lack antibacterial/antiviral function and may lead to cross
infection. Herein, a polyethylene glycol-assisted solvent-free strategy is
proposed to rapidly synthesize a series of the donor-acceptor metal-covalent
organic frameworks (MCOFs) (i.e., GZHMU-2, ]JNM-1, and JNM-2) under air
atmosphere and henceforth extend it via in situ hot-pressing process to
prepare MCOFs based films with photocatalytic disinfect ability. Best of them,
the newly designed GZHMU-2 has a wide absorption spectrum (200 to

1500 nm) and can efficiently produce reactive oxygen species under sunlight
irradiation, achieving excellent photocatalytic disinfection performance. After
in situ hot-pressing as a film material, the obtained GZHMU-2/NMF can
effectively kill E. coli (99.99%), S. aureus (99%), and HIN1 (92.5%),
meanwhile possessing good reusability. Noteworthy, the long-term use of a
GZHMU-2/NWF-based mask has verified no damage to the living body by
measuring the expression of mouse blood routine, lung tissue, and
inflammatory factors at the in-vivo level.

spread.>7 Avoiding pathogen transmis-
sion by wearing masks and protective cloth-
ing can effectively protect individuals from
infection.®] However, significant disad-
vantages exist for these currently used dis-
posable masks: 1) limited self-cleaning abil-
ity; 2) promoting microbial attachment and
reproduction; 3) environmental/resource
issues. Thus, there is an urgent need to
develop composite protective materials to
address these challenges. Meanwhile, the
reactive oxygen species (ROS) generated
by photocatalysis, such as hydroxyl radi-
cals, superoxide anions, and singlet oxy-
gen, can strongly interact with microorgan-
isms, causing oxidative stress in them and
inactivating them through oxidative degra-
dation of biological macromolecules.['*1?]
Despite some functional materials with
photocatalytic antibacterial/antiviral prop-
erties have been reported,['*'”] novel ma-
terials that can be facilely processed into

1. Introduction

Pathogenic microorganism infection is an increasingly serious
public health problem that threatens human life."] New mi-
crobial infections such as influenza virus, Ebola virus, MERS-
CoV, and COVID-19 continue to occur, bringing great disasters
to society.>* Airborne transmission is the main route for bac-
teria and virus spread, which can form aerosols to stay in the
air or carrier surface for a long time, thus causing rapid disease

film materials and fitted into protective materials such as masks
and protective clothing to realize the photocatalytic disinfection
of microorganisms are still highly demanded yet largely unmet.

In recent years, porous crystalline materials, such as metal-
organic frameworks (MOFs)!'821 or covalent organic frame-
works (COFs),2"2] have shown strong flexibility in tuning the
specific surface area, pore structure, and pore chemical environ-
ment by the specific design of structure struts, making them
have unique advantages in gas adsorption, photocatalysis or
bio-applications, etc.?2°] Metal covalent organic frameworks
(MCOFs), as a new type of porous material, draw on the design
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Scheme 1. Schematic illustration of donor—acceptor MCOF-based film with high photocatalytic antibacterial/antiviral efficiency for protective materials.

concept of MOFs and COFs that can integrate their advantages
together.?*33] They not only enrich the types of porous frame-
work materials but also provide a good platform for the reason-
able design of efficient photocatalytic materials.**3] In partic-
ular, compared with traditional photocatalytic materials such as
metal oxides and metal sulfides, MCOFs have the following ad-
vantages: 1) through reasonable design of organic monomers,
the absorption spectrum of the MCOFs can be well-optimized;
2) the organic ligands can effectively separate the metal nodes,
thereby improving the utilization rate of active sites; 3) the abun-
dant porous structure is conducive to ROS diffusion, improving
the efficiency of producing ROS.3-*01 However, up to date, only a
few cases of MOFs or COFs based composite films with photocat-
alytic antibacterial /antiviral activity have been gradually reported
for effective personal protection, the absorption spectra of these
materials are still difficult to cover the whole visible region, and
some important issues like biosafety, processability, and the pho-
tocatalytic efficiency still need to be further improved.[*?%1 Addi-
tionally, during the use of photocatalytic, nanomaterials may de-
tach from the composite film and enter the human lung through
breathing when wearing for a long time, causing damage to the
human body, thus the potential health effects of these released
nanomaterials in vivo should also be taken into account to pro-
mote subsequent practical applications. In this regard, it would
be much necessary to design advanced photocatalytic antibacte-
rial/antiviral materials like MCOFs with good biocompatibility,
easy processing properties, and wide absorption spectrum that
can meet the high requirements of personal protection, yet such
powerful materials have been rarely reported.

Based on the above considerations, herein, we have devel-
oped a polyethylene glycol (PEG) assisted solvent-free strategy
to rapidly synthesize a series of the donor—acceptor MCOFs
(i-e., GZHMU-2, JNM-1, and JNM-2) under air atmosphere, and
henceforth extend it via in situ hot-pressing process to prepare
MCOFs based film with photocatalytic disinfect ability (Scheme
1). Best of them, the newly designed GZHMU-2 has a wide ab-
sorption spectrum and can efficiently produce ROS under sun-
light irradiation, achieving excellent photocatalytic disinfection
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performance. By hot pressing, GZHMU-2 was further in situ
grown on the non-woven fabric (NWF) to prepare a compos-
ite film, GZHMU-2/NMF. After 30 min of sunlight exposure,
the obtained GZHMU-2/NMF can effectively kill 99.99% of Es-
cherichia coli (E. coli), 99% of Staphylococcus aureus (S. aureus), as
well as 92.5% of HIN1. The GZHMU-2/NMF-based air filters
show remarkable performance for comprehensive sterilization
of air and the GZHMU-2/NWF-based mask demonstrates more
advantages in preventing pathogens than commercial masks. In
addition, for the first time, we comprehensively studied the in
vivo toxicity of the frame-based film material by measuring the
expression of mouse blood routine, lung tissue, and inflamma-
tory factors. The results showed that the composite film material
had good biosafety and stability in vivo, which laid the foundation
for further practical application.

2. Results

2.1. Synthesis and Characterization of Cu,-Based MCOFs

As shown in Figure 1a, in order to grow MCOFs onto NWF
later, we choose to use p-toluenesulfonic acid (PTSA) as catalyst
and PEG as assisted agent to react donor organic monomer (i.e.,
2,4,6-tris(4-aminophenyl))—1,3,5-trianiline (TAPT), 1,3,5-tris(4-
aminophenyl)benzene (TAPB) and Tris(4-aminophenyl) amine
(TAPA) with Cu, directly at 170 °C for 30 min under air at-
mosphere to obtain series MCOFs, that is, JNM-1, JNM-2, and
GZHMU-2, respectively (detail see Methods). Materials Stu-
dio was used to simulate the structure of GZHMU-2 and fur-
ther combined with Pawley refinements to fit the eclipsed and
staggered model parameters with the powder X-ray diffraction
(PXRD) data (Figure la—c). The results show that GZHMU-
2 exists in AA stacking model with fitting cell parameters of
a=b=218636 A, c=3.4721 A (R, = 4.00%, R, = 3.20%)
(Tables S1,S2, Supporting Information). The peaks at 4.53° and
7.93° can be attributed to the crystal planes of (100) and (110),
respectively (Figure 1c). At the same time, for the subsequent
comparison of antibacterial activity, we also synthesized Cu-free
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Figure 1. Synthesis and characterization of series donor—acceptor MCOFs based on Cu3 and TAPA-COF. a) Synthesis and structure diagram of the series
donor—acceptor MCOFs based on Cu3 and TAPA-COF. b) Structure of GZHMU-2 view along the c axis. c) Experimental and Pawley-refined patterns of

GZHMU-2. d) N2 sorption curves of GZHMU-2.

COF, TAPA-COF, according to the references.[*?] As shown in
Figures S1,S2 (Supporting Information), the PXRD patterns of
synthesized J]NM-1, JNM-2 and TAPA-COF match well with the
reported ones.[*>*3] For JNM-1 and JNM-2, the diffraction peaks
at 4.22° and 7.36° can be attributed to the crystal planes of
(100) and (110), respectively, which proves that the PEG asssisted
solvent-free strategy can successfully synthesize MCOFs based
on Cu, in the air.*¥) In addition, the porosity and surface area of
JNM-1, JNM-2, and GZHMU-2 were measured at 77 K through
N, adsorption—desorption measurements (Figure 1d; Figure S3,
Supporting Information). The Brunauer—-Emmett-Teller surface
area of GZHMU-2 was examined to be 358 m? g~!. It is inter-
esting to note that, due to the absence of inert gas protection in
the synthesis process, X-ray photoelectron spectroscopy spectra
show that the valence of Cu in JNM-1, JNM-2, and GZHMU-2
has a mixed valence of +1 and +2, which might be due to that
Cu* in Cu, node is partially oxidized by air (Figure S4, Support-
ing Information).**!

2.2. Photocatalytic Properties and Mechanisms
To demonstrate that this series of Cu,-based MCOFs has a

donor—acceptor electronic structure (Figure 2a), we investigated
the frontier molecular orbitals of the repeating units in the
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MCOFs using density functional theory (DFT) calculations. As
shown in Figure 2b,c and Figure S5 (Supporting Information),
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) values of GZHMU-2
(HOMO, —4.36 eV and LUMO, -1.13 eV), JNM-1 (-5.20 and
—1.46 eV) and JNM-2 are calculated. The corresponding band
gaps (E,) are 3.23, 3.74, and 3.77 eV for GZHMU-2, [NM-1
and JNM-2, respectively. The results show that the LUMO of
the three MCOFs is almost the same, which mainly comes
from the contribution of the Cu, node, indicating that the Cu,
node mainly acts as the acceptor in these three MCOFs. As for
HOMO orbitals, the figure shows that the HOMO orbitals of
these three MCOFs are mainly derived from the amino bonding
functional groups. The difference is that TAPA contributes the
most to HOMO, resulting in the lowest band gap of GZHMU-2
unit. This result can be attributed to the fact that TAPA has a
stronger electron-donating ability than TAPB and TAPT. The
DFT calculation results show that GZHMU-2, JNM-1, and
JNM-2 have donor—acceptor structure, while the band structure
of GZHMU-2 can be effectively adjusted and its absorption
spectrum can be expanded by adjusting the electron donor unit.

In addition, we tested UV-vis absorption spectra of series
MCOFs and TAPA-COF. As shown in Figure 2d, compared with
the framework containing the Cu, node, the absorption of TAPA-
COF is significantly weaker than GZHMU-2. In the series of
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Figure 2. Photocatalytic properties and DFT calculations. a) Scheme of the donor-acceptor units in the Cu;-based MCOF. b) HOMO and ¢) LUMO
surface plots (isovalue = 0.025) from DFT calculations for the units in GZHMU-2. d) UV-vis absorption spectra of GZHMU-2, JNM-1, JNM-2 and

TAPA-COF. e) Mott-Schottky plot of GZHMU-2. f) Band-structure diagram.

Cu,-based MCOFs, the absorption spectra of J]NM-2, JNM-1, and
GZHMU-2 are gradually redshifted, which can be attributed to
the gradual enhancement of electron-donating ability of TAPT,
TAPB, and TAPA, thus broadening the absorption spectra of
donor—acceptor MCOFs gradually. Remarkably, the light absorp-
tion range of GZHMU-2 is from 200 to 1500 nm, which basically
covers the normal light wavelength. It is shown that the transient
photocurrent response intensity of GZHMU-2 is much higher
than those of TAPA-COF, JNM-1, and JNM-2 (Figure S6, Sup-
porting Information). In addition, Mott-Schottky measurements
were performed at the frequencies of 1500, 2000, and 3000 Hz
to analyze the energy band position of GZHMU-2, JNM-1, JNM-
2, and TAPA-COF. As shown in Figure 2e, GZHMU-2 demon-
strates n-type semiconductor property, from which the flat band
position of GZHMU-2 was determined to be —0.78 eV vs NHE
(equal to the conduction band (CB)). The experimental band
gap of the materials can be calculated according to the absorp-
tion spectrum. Accordingly, the experimental energy bandgap
(Eg) GZHMU-2, JNM-1, JNM-2, and TAPA-COF were evaluated
to be 1.97, 2.12, 2.29, and 4.90 eV by their Tauc plots, respec-
tively (Figure 2f; Figure S7, Supporting Information). Accord-
ing to the equation E, = Ey; — Ecg, the valence band (VB) po-
sition of GZHMU-2 was then calculated to be 1.19 eV vs NHE
(Figure 2f). Likewise, the CB of JNM-1, JNM-2, and TAPA-COF
were determined to be —0.35, —0.34, and —0.19 eV (vs NHE),
respectively (Figure S8, Supporting Information). Meanwhile,
the VB positions of JNM-1, JNM-2, and TAPA-COF were 1.77,
1.95, and 4.71 eV (vs NHE), respectively. Based on the above re-
sults, the band positions of GZHMU-2, JNM-1, JNM-2, TAPA-
COF, as well as with ROS generation potential were demon-
strated in Figure 2f. Apparently, compared to these other materi-
als, GZHMU-2 has more thermodynamic advantages in the pho-
tocatalytic production of ROS.

In general, the antibacterial/antiviral performance of pho-
tocatalytic materials is mainly attributed to the generation of
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ROS.[Z54] Therefore, the types of ROS generated during the
photocatalytic process were systematically investigated. Specifi-
cally, in electron paramagnetic resonance (EPR) determination,
-O,” and -OH can be determined by 5,5-dimethylpyrroline N-
oxide (DMPO) (Figures S9,S10, Supporting Information), while
10, can be determined by 2,2,6,6-Tetramethyl-4-piperidone hy-
drochloride(TEMP) radical spin catcher (Figure S11, Supporting
Information). Upon light excitation, characteristic peaks of typ-
ical DMPO--O,~, DMPO--OH, and TEMP-'0, adducts can be
clearly observed for GZHMU-2, JNM-1, and JNM-2. In sharp
contrast, silent EPR spectra were observed for all unirradiated
samples, suggesting the vital role of light illumination during
these processes. This result can also be explained from the en-
ergy level distribution diagram. As shown in Figure 2f, we can
see that the band structures of GZHMU-2, JNM-1, and JNM-2
are sufficient to reduce the surface adsorbed O, to -0, (—=0.33 V
vs NHE). Among them, GZHMU-2 has the lowest band gap and
wider light absorption range, making GZHMU-2 the best photo-
catalytic activity. However, TAPA-COF has a large band gap and
mismatched energy levels, so it cannot produce ROS. Although
-OH was detected in the process, it is obvious that the electronic
band structure of GZHMU-2, JNM-1, and JNM-2 are sufficient to
reduce the surface adsorbed O, to H,0, (—0.67 V vs NHE), but
insufficient to meet the requirements for the synthesis of -OH
(H,0/-OH = +2.68 V vs NHE). To investigate the mechanism
of -OH, p-hydroxyphenylacetic acid is used as an H,O, probe to
verify the process. As shown in Figure S12 (Supporting Informa-
tion), it can be seen that H,0, was generated in the presence
of TAPA-COF, while the other materials are exactly the opposite.
We speculate that one possible mechanism is that GZHMU-2,
JNM-1, and JNM-2 contain active metal sites, Cut, which can
lead to Fenton-like reactions, effectively converting the generated
hydrogen peroxide into -OH (Figure 3a). Though the electronic
band structure of TAPA-COF is sufficient to oxidize the surface
adsorbed H,0 to -OH (H,0/-OH = +2.68 vs NHE), due to the
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Figure 3. Photocatalytic disinfection performance of GZHMU-2. a) Photocatalytic disinfection mechanism of GZHMU-2. b) Photocatalytic disinfection
efficiency of GZHMU-2 against E. coli at different dosage levels. c) Disinfection performance comparison among GZHMU-2, JNM-1, JNM-2, ZIF-8 and

TiO, against E. coli.

large band gap of TAPA-COF, the electron transition and trans-
fer are blocked, making -OH basically undetectable, which can
also explain why singlet oxygen cannot be produced by TAPA-
COF under light (Figure S10, Supporting Information). For the
series of MCOFs, due to the appropriate bandgap width, the en-
ergy can be transferred under light, thus producing 'O, (Figure
S11, Supporting Information, Figure 3a). The above theoretical
calculation and experimental results show that GZHMU-2 has
the widest light absorption range and a suitable band gap, which
enables it to efficiently produce abundant ROS (i.e., 'O,, -OH,
and -O,~) under simulated sunlight, so as to be used for the pho-
tocatalytic killing of microorganisms (Figure 3a).

2.3. Photocatalytic Antibacterial Performance of GZHMU-2

The photocatalytic antibacterial efficiency of the synthesized
donor—acceptor MCOFs materials (GZHMU-2, JNM-1, and JNM-
2) was examined, using E. coli as the model bacteria. The antibac-
terial experiments were carried out in 0.9% (w/v) saline, using a
hand-held xenon lamp (power density: 110 mW cm™) with an
AM 1.5 filter and attenuation plate (300 nm < 4 < 1100 nm)
as the light source. The initial concentration of E. coli was 107
colony-forming unit (CFU) mL~!. First, the photocatalytic disin-
fection performance of GZHMU-2 on E. coli at different dosage
levels was performed. As shown in Figure 3b, after 30 min of
light irradiation, the bacterial survival rate dramatically decreased
with increased dosage of GZHMU-2. When the concentration
of GZHMU-2 is only 60 pg mL~!, the bactericidal rate of E. coli
can reach up to 99.99%. E. coli inactivation efficiencies of over
99.9999% were achieved as the catalyst dosage was increased to
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100 pg mL~!. Encouraged by these results, we further investi-
gated the antibacterial activity of GZHMU-2 on S. aureus. When
the dosage of GZHMU-2 was 100 pg mL™?, a 99.99% reduction
of S. aureus can also be obtaining (Figure S13, Supporting Infor-
mation). Specifically, in order to confirm the superior photocat-
alytic antibacterial performance of GZHMU-2, systematic com-
parative tests were carried out among JNM-1, JNM-2, represen-
tative ZIF-8,1*! and the traditional semiconductive photocatalyst
anatase (TiO,) with a concentration of 60 pg mL™". As shown in
Figure 3c and Table S3 (Supporting Information), GZHMU-2 has
exhibited absolute superiority in antibacterial performance com-
pared to other photocatalytic materials. Note, after 30 min of il-
lumination, the antibacterial rate of GZHMU-2 is up to 99.99%,
three orders of magnitude higher than that of ZIF-8 with only
~90%. The above results clearly illustrated that the novel donor—
acceptor MCOF, GZHMU-2, exhibits excellent photocatalytic an-
tibacterial properties.

Furthermore, systematic experiments were performed to fur-
ther confirm the light-induced antibacterial ability of GZHMU-2
in detail. Excitingly, the zeta potential of GZHMU-2 was com-
pletely opposite to that of bacteria, which could further facilitate
the interaction process with bacteria through electrostatic in-
teractions (Figure S14, Supporting Information). As shown in
Figure S15 (Supporting Information), the PXRD pattern showed
that the framework of GZHMU-2 still exists after photocatalysis,
indicating that it has good stability. In Addition, to confirm the
successful antibacterial interaction, the morphology of bacteria
before and after interaction with GZHMU-2 was characterized
by transmission electron microscopy (TEM). With the neces-
sary conditions, including GZHMU-2 and light irradiation,
it can be observed that the cell membrane of bacteria was
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Figure 4. Photocatalytic disinfection performance of GZHMU-2/NWF. a) Optical photo and SEM images of GZHMU-2/NWF. b) PXRD patterns of
GZHMU-2/NWF, INM-1/NWF, INM-2/NWF and pure NWF. c) Antibacterial performance comparison between GZHMU-2/NWF and NWF under dark
or light conditions. d) GZHMU-2/NWF antibacterial performance for six cycles of continuous use. ) Schematic representation of the air cleaning system.
f) Comparison of the air disinfection performance between GZHMU-2/NWF and NWF under light and dark conditions, respectively (NWF: non-woven
fabric). g) Bioaerosol generation device. h) Optical image of each layer for GZHMU-2/NWF based mask. i) CFUs in each layer of saline eluate after the

reaction of GZHMU-2/NWF-based masks and commercial N95 masks.

significantly folded, damaged, or collapsed (Figure S16, Support-
ing Information). Moreover, as demonstrated in the microscope
images, red fluorescence of dead bacteria stained with PI can be
observed with GZHMU-2 and light irradiation, illustrated the
efficient antibacterial behavior of GZHMU-2 induced by light
(Figure S17, Supporting Information). Importantly, no bacterial
regrowth was observed after removal of GZHMU-2 and light
after 2 days, demonstrate that damage to E. coli is irreversible
(Figure S18, Supporting Information). All these above results
clearly illustrated that significant photocatalytic antibacterial
effects arise from the GZHMU-2.

2.4. Antibacterial Performance of GZHMU-2/NWF
Encouraged by the excellent photocatalytic and antibacterial

properties of GZHMU-2, the outstanding antibacterial perfor-
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mance of the antibacterial film prepared by the in situ growth
of GZHMU-2 on NWF was further verified. Briefly, the antibac-
terial film, namely GZHMU-2/NWF, was acquired by coating
GZHMU-2 nanocrystals via hot pressing of GZHMU-2 precur-
sors (TAPA and Cu;) and PEG (M,,, 200) on NWF at 170 °C. As
shown in Figure 4a, a piece of GZHMU-2/NWF with the size of
15 cm X 10 cm has been facilely realized, which is beneficial for
various practical applications. The results of scanning electron
microscope (SEM) (Figure 4a; Figure S19, Supporting Informa-
tion) and PXRD (Figure 4b) further confirmed that GZHMU-2
nanoparticles have been uniformly and densely in situ formed
on the fibers of NWF. The load capacity of GZHMU-2 was deter-
mined to be 0.14-0.20 mg cm™2 based on the weight increment
of NWF before and after hot pressing (Table S4, Supporting In-
formation). According to GB/T 30766-2014 and GB 4789.2 with
slight modifications, the antibacterial performance of GZHMU-
2/NWF with or without visible light irradiation was explored. As

© 2023 Wiley-VCH GmbH
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demonstrated in Figure S20 (Supporting Information), 450 pL
of E. coli (10° CFU mL™") was dropped onto a 30 X 30 mm an-
tibacterial film. After 30 min of simulated sunlight irradiation,
the GZHMU-2/NWF showed no measurable levels of adhered
E. coli cells, demonstrating its effective photocatalytic killing abil-
ities for E. coli (Figure 4c; Figure S21, Supporting Information).
On the contrary, even with light, INM-1/NWF, JNM-2/NWF, and
NWF without loaded materials were severely contaminated by E.
coli (Figures S21,S22, Supporting Information). It is worth not-
ing that the antibacterial performance of the GZHMU-2/NWF
under real sunlight irradiation is comparable to that under sim-
ulated sunlight (Figure 4c; Figure S23, Supporting Information).
Of particular significance, such GZHMU-2/NWF prepared with
GZHMU-2 show excellent reusability as the GZHMU-2/NWF
still have sufficient antibacterial effect after it has been contin-
uously used for five times (Figure 4d). Encouraged by these
favorable results, we further investigated the effectiveness of
GZHMU-2/NWF for comprehensive sterilization of air in an en-
closed environment. As shown in Figure 4e and Figure S24 (Sup-
porting Information), the self-made sterilization system was pre-
pared by separating a sealed chamber using GZHMU-2/NWF,
after injecting bio aerosols into the inlet section, the surviving
bacteria were counted by exposing the collector to exhaust gas on
the other chamber. The model aerosol of 107 CFU mL™! E. coli
suspension was atomized and injected into the self-made closed
sterilization system at a flow rate of 0.2 mL min~! for 5 min.
Noticeably, as shown in Figure 4f and Figure S25 (Supporting
Information), GZHMU-2/NWF exhibits highly efficient photo-
catalytic killing performance against E. coli dispersed in the air,
and the bactericidal efficiency can reach >99.99% within 30 min,
which is in sharp contrast to the poor bacteriostatic ability of
NWF under light conditions (inactivation efficiency, <16%) in
the control. In addition, under dark conditions, the air filtered
by GZHMU-2/NWF also experiences certain bacterial contami-
nation. This reveals that the GZHMU-2/NWF itself has a certain
degree of inhibitory effect on E. coli, and also reflects that the re-
tention of bacteria on the GZHMU-2/NWF can be ignored. These
results vividly indicate that the excellent air sterilization ability of
GZHMU-2/NWF is mainly attributed to photocatalytic bacterici-
dal activity, rather than physical barriers and adhesion.

These results encouraged us to further investigate the subse-
quent antiviral effects. The photocatalytic antiviral efficiency of
the synthesized GZHMU-2/NWF was examined using HON2,
HCoV-229E, and HIN1 as the model. The antiviral experiments
were carried out in a biosafety level 3 (BL-3) facility in accor-
dance with institutional biosafety requirements. The initial virus
titers were determined by 50% tissue culture infective dose
(TCIDg,) in confluent cells in 96-well microplates. 200 uL of
virus (TCIDs, = 10°) was dropped onto a 20 X 20 mm GZHMU-
2/NWE. After 30 min of irradiation, the virus suspension treated
with GZHMU-2/NWF was diluted tenfold with Dulbecco’s Mod-
ified Eagle Medium medium and inoculated onto MDCK cells.
After 72 h, the cytopathic effects (CPE) of the cells were recorded
and the TCID;, of each virus was calculated using the Reed-
Munch method. As shown in Figure S26 (Supporting Informa-
tion), the survival rate of the virus treated with GZHMU-2/NWF
dramatically decreased. Excitingly, the antiviral rate of H1N1
can reach up to 92.5%. These results clearly illustrate that the
GZHMU-2/NWF can be a powerful candidate toward compre-
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hensive antibacterial and antiviral requirements in numerous en-
closed environments, such as offices, homes, and public trans-
port.

2.5. Antibacterial and In Vivo Biosafety Performance of
GZHMU-2/NWF Based Mask

Inspired by the excellent photocatalytic antibacterial perfor-
mance of GZHMU-2/NWF, we further proved its performance
and outstanding ability in basic personal protective applications
such as masks, as a proof of concept. The self-cleaning ability
of GZHMU-2/NWEF-based masks was evaluated by comparing
them with commercial masks (N95). As shown in Figure 4g, the
GZHMU-2/NWF-based mask is exposed to artificial pathogenic
aerosols produced by E. coli suspension for 5 min. The GZHMU-
2/NWF-based mask consists of three layers, similar to a sand-
wich structure, where the GZHMU-2/NWF serves as the sand-
wich layer between two layers of NWF (Figure 4h). We can see
that under 30 min of simulated sunlight exposure, the number
of live bacteria on each layer of the GZHMU-2/NWF-based mask
significantly decreased, with almost no measurable levels of live
bacteria surviving (Figure 4i; Figure S27, Supporting Informa-
tion), especially at the bottom layer that direct contact with the
human body. This result is very exciting as it demonstrates the ex-
cellent photocatalytic antibacterial performance of the GZHMU-
2/NWEF-based mask. In contrast, in the control experiment, only
a small number of bacteria on the top cover of N95 masks were
inactivated under light. A large number of bacteria reproduce on
NO95 (Figure 4i; Figure S27, Supporting Information). Obviously,
the GZHMU-2/NWEF-based mask has more advantages in pre-
venting pathogens than commercial masks, ensuring its broad
application prospects in protective coatings.

The biosafety of GZHMU-2/NWF based masks is crucial
for their future practical applications. In order to evaluate the
biosafety, evaluation experiments were conducted on C57BL/6
mice exposed to different material conditions. The mice were
randomly divided into three groups: control, GZHMU-2/NWE-
based mask, and GZHMU-2 material group (n = 5 for each
group). As shown in Figure S28 (Supporting Information), the
GZHMU-2/NWF-based mask group was obtained by raising the
mice in the air environment filtered by GZHMU-2/NWEF. The
body weight of each mouse was recorded every day during the
exposure period. As shown in Figure S29 (Supporting Informa-
tion), the weight changes of mice can be negligible in response to
the different conditions, indicating the good biological safety of
GZHMU-2. On the third day, the lung states of mice in different
groups were evaluated with Computed Tomography (CT), From
the CT results, it can be seen that the lungs of each group of mice
maintained good morphology (Figure 5a). After one week of ex-
posure, the mice were dissected and the lung tissue was collected
for identification with hematoxylin and eosin (H&E) staining and
TEM. As shown in Figure 5b,c, the H&E-stained lungs images
and TEM images of the GZHMU-2/NWF groups showed compa-
rable well-defined cell morphology and no apparent pathological
abnormalities compared with the control group, manifesting the
safety of GZHMU-2/NWF based mask. Furthermore, blood rou-
tine tests of each group were conducted, mainly including white
blood cells (WBC), red blood cells (RBC), and platelets (PLT). As
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Figure 5. Biosafety analysis of GZHMU-2/NWF based mask in vivo. a) CT, b) H&E staining and c) TEM images of the lung of mice after the administration
of GZHMU-2/NWF based mask and GZHMU-2 (50 mg k~'g), respectively. d) Routine analysis of blood of mice after the administration of GZHMU-
2/NWF based mask and GZHMU-2 (50 mg k~'g) (the full names corresponding to each abbreviation are listed in Table S5, Supporting Information).
e) Relative expression level of inflammatory factors (TNF) in the lung of mice after the administration of GZHMU-2/NWF based mask and GZHMU-2
(50 mg k~'g) (normalized to GAPDH). Data are defined as mean + S.D. (n = 5).

shown in Figure 5d, compared to the control group, there were no
significant differences in RBC, WBC, and PLT between GZHMU-
2/NWF and GZHMU-2 groups. Moreover, the expression levels
of inflammatory genes (IL-6, IL-14, TNF-a, COX-2) in mouse
lung tissue using quantitative real-time PCR. As demonstrated
in Figure 5Se, there is no significant statistical difference in the
expression level of IL-6, IL-18, TNF-a, and COX-2, respectively,
further confirming the biosafety. These results vividly implying
that GZHMU-2/NWF with excellent biocompatibility has favor-
able practical application potential for personal protection.

3. Conclusion

In conclusion, we proposed a PEG-assisted solvent-free strategy
to rapidly synthesize a series of donor—acceptor MCOFs under
air atmosphere and further extend it via in situ hot-pressing pro-
cess to prepare MCOFs based film with photocatalytic disinfect
ability. Best of them, the newly designed GZHMU-2 has a wide
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absorption spectrum and can efficiently produce ROS under sun-
light irradiation, achieving excellent photocatalytic disinfection
performance. After in situ hot-pressing as a film material, the
obtained GZHMU-2/NMF can effectively kill E. coli (99.99%), S.
aureus (99%), and HIN1 (92.5%), meanwhile possessing good
reusability. Notably, after one week, the GZHMU-2/NWF-based
mask verified no obvious damage in the mice by measuring the
expression of mouse blood routine, lung tissue, and inflamma-
tory factors at the in vivo level. This work not only provides a ref-
erence for the design of high-efficiency photocatalytic personal
protection films but also lays a foundation for their potentially
practical applications in public health protection.

4. Experimental Section

Synthesis of GZHMU-2:  Cus (0.12 g, pre-synthesized according to the
reference),[*31 0.40 g PTSA, 0.10 g TAPA, and 20 mL PEG (M,,, 200) were
added and mixed into a three-necked flask. The device was then placed in
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an oil bath and heated at 170 °C for 30 min. The resulting brown precipitate
was purified by washing three times with tetrahydrofuran, DI water, and
DMF, respectively. Finally, the product was dried at 60 °C under vacuum
to yield GZHMU-2.

Synthesis of GZHMU-2/NWF:  Cuz (0.12 g), 0.4 g PTSA, 0.1 g TAPA,
and 20 mL PEG (Mw, 200) were mixed and sonicated. The resulting brown
mixture was then loaded on a piece of NWF (15 cm X 10 c¢m), wrapped
in aluminum foil, and then hot-pressed with an electric heating plate at
170 °C for 30 min. After washing with ethanol and drying, GZHMU-2/NMF
was obtained.

Photocatalytic Disinfection Activity of MCOFs: Gram-negative E. coli
and S.aureus were used as model bacteria. The bacteria were cultured for
18 h with LB broth (yeast extract 5 g L™', tryptone 10 g L™!, NaCl 5 g L™")
at 37 °C to yield a cell count of £10° CFU mL™". The cells were separated
by centrifuging at 4000 rpm for 5 min and then resuspended in sterile
saline solution (0.9% (w/v)). For the subsequent antibacterial study, the
concentration of the bacteria was adjusted to 107 CFU mL™" using 0.9%
(w/v) saline solution buffer by gradient dilution method. Photocatalytic
disinfection experiments were performed by adding MCOF (60 pg) cata-
lyst into 1 mL of bacteria solution (containing 10’ CFU mL~"). Then the
sample was irradiated by simulated sunlight with a hand-held 300 W Xe
lamp coupled with an AM 1.5 filter (power density: 110 mW cm™2). Af-
ter reacting to the predetermined time, the mixture was carefully pipetted
out and the residual bacterial concentration was determined by standard
plate count method. The plates were cultured for 18 h at 37 °C and the
number of colonies was counted with the naked eye. Control experiments
were performed following the same steps in the absence of light or photo-
catalyts. All of the data represented mean + S.D. from three independent
measurements.

Biosafety Analysis:  All C57BL/6 mice (four-six weeks) used in this study
were purchased from Liaoning Changsheng biotechnology Co. Ltd. All
animal experiments in this study were in accordance with the Institu-
tional Animal Care and Use Committee of Guangzhou Medical Univer-
sity (G2023-069). After two weeks of adaptive feeding, C57BL/6 mice were
subjected to toxicity experiments. The mice were randomly divided into
three groups: control, GZHMU-2/NWF-based mask, and GZHMU-2 ma-
terial group (n = 5 for each group). The control group was injected with
20 pL of 0.9% (w/v) saline solution through the nasal cavity into mice, and
the GZHMU-2 material group was injected with 20 uL of (50 mg k™'g)
dose of GZHMU-2. The GZHMU-2/NWF-based mask group was placed
the mice in an air environment filtered by raised in an air environment fil-
tered by GZHMU-2/NWF. The body weight of each mouse was recorded
every 2 days during the exposure period. On the third day, CT images of the
lungs of mice were collected. After one week of exposure, the mice were
anesthetized and euthanized for dissection. The blood samples were col-
lected for routine blood examination. Additionally, the Lung tissue was ob-
tained for H&E staining and TEM identification. Moreover, the RNA in the
lung tissue of mice was extracted and reverse-transcribed. The expression
levels of inflammatory genes such as II-6, II-14, Tnf-a, and Cox-2 were an-
alyzed by qRT-PCR using GoTaq qPCR Master Mix (Promega), performed
with a QuantStudio5 real-time PCR system (Applied Biosystems, Foster
City, California). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a
housekeeping gene, was used as an internal standard. Data were defined
as mean + S.D. (n = 5). The relative expression levels of each gene were
analyzed using the 2722 method.[*4] The primers are listed in Table S6
(Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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