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Airborne transmission of pathogens is the most probable cause for the spread of respiratory diseases, which can
be intercepted by personal protective equipment such as masks. In this study, an efficient antiviral personal
protective filter was fabricated by coupling the biocompatible curcumin (CCM) with nanofibrous polytetra-
fluoroethylene (PTFE) membrane. The CCM extracted from plants was first dissolved in acidified ethanol at a
certain pH and temperature to optimize its loading concentration, antiviral activation, and binding forces on the
polyethylene terephthalate (PET) support to form a pre-filtration layer at the front section of the filter. Ultrathin
PTFE membrane was then fabricated on the antibacterial-antiviral PET support (A-A PET) by controllable heating
lamination. This functional layer of the filter exhibits good gas permeance (3423.6 ms/(mz-h~kPa)) and ultrafine
particles rejection rate (>98.79%). Moreover, the obtained A-A filter exhibit a high antibacterial rate against a
variety of bacteria (E. coli, B. subtilis, A. niger, and Penicillium were 99.84%, 99.02%, 93.60%, 95.23%, respec-
tively). Forthwith virucidal (SARS-CoV-2) efficiency of the A-A filter can reach 99.90% for 5 min. The filter

shows good stability after 10 heating cycles, demonstrating its reusability.

1. Introduction

The transmission of pathogens attached to aerosols and droplets may
promote the spread of airborne diseases [1,2]. Personal protective
equipment like face masks can effectively prevent the infection from
airborne pathogens, which has been demonstrated in the COVID-19
pandemic [3,4]. Meltblown fibers with large void space and electro-
static storage capacity are widely used in masks for its effective physical
barrier and high gas permeance [5]. However, the electrostatic storage
capacity could be degraded during consecutive donning and disinfection
treatments, leading to a concomitant drop in the filtration capacity
during use [6]. Further, improper disposal of used masks often causes
serious environmental problems and waste of resources [7,8], More
significantly, using masks incorrectly can cause severe cross-infection,
and secondary transmission [9,10]. Therefore, a low toxicity, reusable
and highly effective antiviral protective material is urgently needed.

Organic nanofibrous membranes such as polyimide (PI), poly-
urethane (PU), polyacrylonitrile (PAN), polyamide-66 (PA-66), and
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polytetrafluoroethylene (PTFE) etc. [11-13], are the ideal materials for
ultrafine particle filtration due to their unique nanostructures, which
have been employed in the design of respirator mask alternative to
melt-blown fabrics [14]. Among them, biaxial stretched PTFE mem-
brane with continuous nodes connected nanofibers possesses better
structural stability and antifouling property in air cleaning process [15].

To endow the membrane with pathogen sterilization property, many
researchers have focused on loading antibacterial or antiviral composite
on the membrane via post-treatment [16]. However, the basic properties
of nanofiber-constructed substrate may be significantly impacted during
the modification process, leading to poor filtration efficiency and gas
permeance. In addition, as the last barrier for particulate matters (PMs),
the nanofiber membrane may not completely intercept the particles, and
the minor contact area and contact time between the porous nanofibrous
membranes (NFMs) and virus may not effectively eliminate the virus/-
bacteria, leading to potential infection risk [17]. Therefore, capturing
and sterilizing the hazardous matters before the filtration layer is
necessary in the design of antibacterial-antiviral functional filter (A-A
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Antimicrobial technologies that use physical or chemical methods by
incorporating biocidal agents to provide bio-protection against patho-
gens can be effective if killing of pathogens by direct contact can be
achieved. At present, the biological agents used in the biological pro-
tection materials mainly include natural antibacterial agents and arti-
ficial antibacterial agents. Previous studies have reported that various
antimicrobial materials, such as silver (Ag) [18,19], copper (Cu) nano-
particles [20], and carbon nanotubes (CNTs) [21], are effective in con-
trolling bioaerosols. These materials have been used to engineer the
antimicrobial functionality to air filtering media. However, concerns
remain on the potential health risk of exposure to inorganic nano-
particles, leading to the study of antimicrobial alternatives such as
food-grade compounds [22].

Curcumin (CCM) extracted from the turmeric has attracted much
attention due to its broad-spectrum biological actions. It shows a
remarkable range of pharmacological activity, including antioxidant
[23], antitumor [24], wound healing [25], and antifungal [26]. CCM
exhibits inhibitory ability against the proliferation of diverse bacteria
and viruses [27,28]. It is worth noting that CCM shows great applica-
bility in materials modification due to its low toxicity, high antimicro-
bial activity, mild environmental effects, and low cost.

Herein, a biocompatible curcumin-incorporated composite mem-
brane was fabricated by A-A functionalization and controllable hot
lamination for efficient pathogens sterilization and isolation. The PET
nonwoven fabric was firstly A-A functionalized with plant-extracted
CCM. The A-A efficiency of CCM were systematically optimized in the
loading and heat laminating processes, respectively. The A-A support
coupled filter exhibits superior aerosol filtration and rapid antibacterial
and antivirus property with good biocompatibility and reusability.

2. Experimental
2.1. Materials

Curcumin (>98%) was purchased from Sinopharm Chemical Re-
agent Co. Ltd., China. Gram-negative Escherichia Coli (E. coli, ATCC
25922), Gram-positive Bacillus subtilis (B. subtilis, CMCC 63501), Fungus
Penicillium (A S 3.4042) and Fungus Aspergillus niger (A. niger, A S
3.3928) were purchased from the Center for Conservation

medium (BRM), Potato Dextrose Agar Medium (PDA), and phosphate-
buffered saline (PBS) were purchased from Thermo Fisher Scientific,
America. Soya casein digest lecithin polysorbate (SCDLP) were pur-
chased from Cyclokay Microorganism, China. Propidine iodide (PI), and
SYBR Green (SG) dye were purchased from Sigma-Aldrich. Porous PTFE
membrane and PET non-woven fabric were obtained from Jiangsu Jiu-
lang High-Tech Co., Ltd, China. KN95 Particulate Respirator was pur-
chased from Zhengzhou Wanshenshan Healthcare PPE Co., Ltd, China.
Single-use medical face mask was purchased from Zhende medical
supplies Co., Ltd, China. The African green monkey kidney cell (Vero-
E6) and Dulbecco’s Modified Eagle Medium (DMEM) were obtained
from Jiangsu Provincial Center for Disease Control and Prevention,
China. All other chemicals were purchased from Sinopharm Chemical
Reagent Co. Ltd., China, and used without further purification. Water
used in all experiments was purified by deionization.

2.2. Characterization

The morphology of the membranes and microorganisms was
observed by field emission scanning electron microscopy (FESEM,
Hitachi S-4800). The gas permeability and average pore size of the
membranes were measured by a capillary flow porometer (PMI, ipore-
1500) under N, atmosphere. Galwick (surface tension 15.9 mN/m)
was selected as the wetting fluid. The chemical structure was confirmed
with the attenuated total reflection (ATR) method by Fourier Transform
infrared spectroscopy (FT-IR, Nicolet 8700). The crystal structure was
determined using an X-ray diffractometer (XRD, Rigaku MiniFlex 600).
Contact-angle measurement was performed on a contact angle goni-
ometer (Dropmeter A-100). The average contact angle was obtained by
measuring the contact angle of the liquid droplets (5 pL) on three
different areas of the material surface.

2.3. Preparation of A-A filter

The A-A filter was obtained by compositing the CCM loaded PET
layer and the effective PTFE separation layer via thermal laminating
process. At first, 0.4 g CCM was dispersed in 1 L distilled water. Acidified
ethanol (i.e., 0.5 mol/L ethanol and 1.0 mol/L acetic acid were mixed at
a ratio of 21:4 (v/v)) and 0.1 mol/L of citrate buffers were added in the



Y. Rao et al.

”

Journal of Membrane Science 661 (2022) 120885

Fig. 2. (a) Cross-sectional SEM image of an A-A filter showing that the filtration layer is composited between the supportive layers. SEM images of (b) PTFE layer, (c)

A-A layer, (d) PET support layer.

dispersion to dissolve the CCM and adjust the solution pH (4-10). Then,
the initial PET layer was impregnated in different temperatures
(50-120 °C) of CCM mixed solution via a home-made dyeing machine
for 0.5 h. After being washed and dried, the CCM on the PET support
layer was further strengthened by continuous-rolling mill to prepare the
A-A layer, as shown in Fig. 1a.

The laminating process of A-A filter was carried out according to our
previous work [29]. The lamination equipment was obtained and
customized from Lvhuan Machinery Co., Ltd., China. The hot roller was
heated to the required temperature and stabilized for 30 min. The A-A
PET, PTFE nanofiber membrane and PET support were preheated in an
infrared oven. The laminating pressure (100 Pa) and speed (2 m/min)
were selected by controlling the pressing roller and winding roller,
respectively. The A-A filter was then collected by the winding roller after
cooling at room temperature. as shown in Fig. 1b.

2.4. Filtration performance evaluation

The particle sizer spectrometer (TSI, SMPS-3938) was employed to
test the removal efficiency for NaCl aerosols (2 wt%) with diameter
ranging from 0.3 pm to 10 pm. During the filtration test, the effective
area of filter was controlled at 25 cm? at a gas velocity of 10.66 cm/s.
The effect of different gas velocities (5.33, 21.32, 42.64 cm/s) on
filtration performance was tested under the same conditions. Each
average measurement contains at least three individual sample mea-
surements. The quality factor (Qf, Pa~!) was calculated as [30]:

Ot = -In(1-n)/AP @

where 7 (%) represents the PM removal efficiency and AP represents the
pressure drop.

The penetrated NaCl aerosol particles were generated and counted
via the filter performance tester (Huada, LZC-K1). Samples with an
effective area of 12.56 cm? were clamped in the tube module for testing.
The gas velocity was controlled at 5.33 cm/s. The concentration of NaCl

aerosol was controlled by the aerosol generator while particle sizer
spectrometer was used to evaluate the filtration efficiency of the sam-
ples. The integral area of the particles before and after filtration were
calculated to evaluate the particles interception rate (R) [31]:

10004 _ /p\3
_ 10 §ﬂ(i) pNuutIeI

R =
10004 (D)3
10 37(2) PNinter

x 100 (2)

where p, D, and N are the density, diameter, and number of the aerosol,
and 10 and 1000 represent the diameters of NaCl aerosol in nm. The
particle interception rate can be measured by the apparatus in the range
of 10-1000 nm.

2.5. Antibacterial activity assay of filter

Appropriate concentrations of bacterial and fungal suspensions were
prepared for antibacterial experiments (Supporting Information S1). For
the static antibacterial experiments, the filters were cut into square
specimens with a diameter of 40 + 5 mm, and four parallel specimens
were made for each strain. 1 mL test bacterial solution was added into
the 15 mL of agar medium, and allowed to coagulate. Samples were
placed in the center of the plate with sterile tweezers to have a full
contact between the sample and the agar medium. Then, the samples
were put into incubator at 37 + 2 °C (fungi, 28 + 2 °C) for 18-24 h
(fungi, 36-48 h). Blank (only bacteria suspension) and commercial fil-
ters were also treated as controls for comparison.

For the dynamic antibacterial experiments, bacterial droplets were
generated by a single-jet collision nebulizer, which deposited on the A-A
filters and commercial filters (40 + 5 mm in diameter) for 5 min. Then,
the tested filters were covered with a non-antibacterial filter to maintain
proper contact between the surface of the test filter and the bacteria for
2 h. Subsequently, the morphology of bacteria on the filter was observed
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Fig. 3. (a) Visible spectra of CCM and (b) Antibacterial rates and (c) Photographs of E. coli colonies at different pH values. (d) K/S value and loads of A-A layer at
different temperatures (Concentration of CCM was 0.4 g/L, the area of A-A layer was 25 cm?). (e) FT-IR spectra, (f) XRD patterns of the PET support layer, A-A layer,
CCM powder. (g) Digital photographs of water contact angle on PET support layer and A-A layer.

by electron microscope. Simultaneously, the test filters (including cover
filter) and sterile water were added immediately into the vials. Then the
vials were agitated by vortex mixer for 5 s and 5 times for washing out
the bacteria or fungi from the test filters. The bacteria suspension from
the test filters was diluted serially with sterile water and plated on a
nutrient broth agar. The antibacterial rates of the filters for bacteria and
fungi were assessed according to the following equation [32,33]:

A—-B

Rbaz‘lcrial(%) = x 100 (3)

where A is the number of live bacteria in the original bacteria suspension
and B is the number of live bacteria on the test filters surface.

2.6. Circulating filtration and antibacterial performance

Samples were heated in an 80 °C oven for 30 min to test their
filtration and antibacterial stability, respectively. After each treating
cycle, the NaCl aerosols filtration performance and antibacterial

performance for E. coli were evaluated.
3. Results and discussion
3.1. Morphology analysis

The cross-sectional electron microscopy of A-A filter is composed of
A-A layer, PTFE layer, and PET support layer (Fig. 2a). The PTFE
nanofiber interlace to form a three-dimensional spider web structure
and the average diameter of the nanofibers was 0.12 pm (Fig. 2b). The
high specific surface area and fine fibers of PTFE membrane provide
more opportunities for aerosol capture [34]. The average fiber diameter
of the PET support layer was 12.08 pm (Fig. 2d). After immersing in a
high-temperature curcumin solution, the average fiber diameter of A-A
increased slightly to 12.82 pm (Fig. 2c).



Y. Rao et al. Journal of Membrane Science 661 (2022) 120885

(a)lzo —e— Pristine filter (b) Jo.4
[ 3 'R
_ ) ‘7; - AAfiler . S 100f - - - Ky
z\i 90 L ® £ 30000 z‘ - 0. :
= E 20000 5 /'_'—" %
S el £ T o6l ‘ 1
E S ; 10000 &:2 9('__ & | 02 &
[ = ) T o 3‘
Z 30 = g 4 =
= I =) ¥ 40.1 =
0 2 4 6 8 10 = =
Pressure (kPa) g o
OF | o i oG = o i
0 ! 2 . X 4 s 6 = FA o3 pmlll 05 pml ¥ 1.0 pm
Pore diameter (pm) 2.5 pmi 0 5.0 pm B 10.0 pm
4 @
2100 = e o «
s f = 60}
1 1 1k .
3’ &L \l——.\l—-\.’.~i_-~.
5 9 2
2 = 40f
b= S
et P}
= 80 @
S o 20F
E e
]
=
=
o= 70 - - - - - ~ 0 L L 1 1 1
= 1 2 3 4 5 6 7 8 9 10 2 4 6 8 10

Treatment cycle
. lO.Sum-ﬂ.Sme ]l.Opml ]2.5|,|m

Treatment cycle

Fig. 4. (a) Pore sizes and gas permeability of pristine filter and A-A filter. (b) NaCl aerosols filtration efficiency and quality factor of A-A filter. (¢) Filtration efficiency

and (d) Resistance of A-A filter after each heat treatment.
3.2. Crystal structure and surface physicochemical analysis

The antibacterial activity of the composited CCM is related to the
solution pH [35]. CCM has been found to possess pH-dependent solu-
bility, which exhibits different colors at different pH values (Fig. 3a)
[36]. These changes were due to the reversible structural transformation
of CCM at different pH (Fig. S1) [37]. When the pH was below 8, the
maximum absorption peak was around 425 nm. With the increase of pH,
the maximum absorption wavelength of CCM shifted from 425 nm to
438 nm. To further verify the bacteriostatic effect under different pH, a
certain concentration of bacterial and CCM solution were mixed (Sup-
porting Information S2). The antibacterial rates (Fig. 3b) and photo-
graphs of E. coli colonies (Fig. 3c) showed that the antibacterial effect
was the most significant when the pH was controlled at 5, where the
antibacterial rate of E. coli reached 95.31%.

The bonding force between PET support and CCM is closely related
to temperature and can be reflect by the K/S value (Fig. 3d). The K/S
value of the Kubelka-Munk equation was applied to the change in color
of the sample, which verifies the fastness of the sample at different
temperatures (Supporting Information S3). The K/S value has an expo-
nential growth from 50 °C to 120 °C, demonstrating higher temperature
resulting in better fastness of CCM. Also, the CCM loading amounts
showed a positive correlation to the temperature with an 80% more of
CCM at the treating temperature above 110 °C.

Fourier transform infrared spectroscopy (FT-IR) is used to explore
the chemical structure of the material and to obtain relevant information
about the functional groups contained in the CCM, PET support layer
and A-A layer (Fig. 3e). Compared with the PET support layer, the A-A
layer has two clear peaks at 2960 cm ™! and 1576 cm™!, which are
formed by the deformation and vibration of benzene ring in the CCM
structure, and the characteristic absorption peak at 1507 cm ™! stem of
CCM indicates that CCM exists in the A-A layer [38]. In the FT-IR
spectrum of the A-A layer, the peak at 3501 cm™! corresponds to the
phenolic hydroxyl telescopic vibration peak, which is derived from the
characteristic peak of CCM. These results showed that CCM was well
integrated in the PET support layer. The effect of temperature on the
elements on the A-A layer were also investigated, and it was found that

no new substances were produced (Fig. S2a).

Fig. 3f shows the X-ray diffraction patterns of CCM, PET support
layer and A-A layer in the 20 range of 5-50°. The crystal peaks of CCM
are narrow and sharp, indicating the presence of CCM in crystalline form
[39]. The X-ray diffraction patterns of the PET support layer show
dispersive and broad diffraction peaks at 17.8°, 23° and 26.2°, which are
independent of the crystal structure. In the XRD pattern of A-A layer, the
diffraction peaks of CCM at 14.3°, 17.1°, 18.2°, and 21.2° indicate that
CCM has been successfully loaded on the PET support layer.

The hydrophobicity of PET support layer, and A-A layer were
determined by water contact angle (WCA) measurements (Fig. 3g). The
PET non-woven fabric has no other polar groups except the two alcohol-
terminated hydroxyl groups in the molecule, which has a hydrophobic
surface with a WCA of 120.5 + 1.5°. The A-A layer also exhibited hy-
drophobic properties by loading the hydrophobic CCM. At increasing
temperature, the contact angle of the A-A layer shows an increasing
trend (Fig. S2b). When the temperature reaches 120 °C, A-A layer shows
strong ability to repel water droplets, where the contact angle of 139.4
=+ 1.0° was recorded.

3.3. Filtration performance evaluation

The breathability of the A-A filter is vital for its practical application
[40], which was evaluated by WVTR (Supporting Information S4). As
shown in Fig. S3, the pristine filter exhibited higher WVTR of 11.389 kg
m~2 d~L. After compositing with A-A layer, the WVTR of A-A filter was
slightly decreased to 10.651 kg m 2 d*. The reduction of WVTR can be
explained by the increase of hydrophobicity [41]. Nevertheless, the
breathability of the A-A filter is still higher than that of disposable
medical face mask (C-SMFA, 9.782 kg m~2 d!) and KN95 particulate
respirator (C-KN95, 9.188 kg m2d.

Fig. 4a is the pore size distribution diagram of the pristine filter and
the A-A filter. The average pore diameter of the pristine filter and the A-
A filter was 1.03 pm and 0.73 pm, respectively. The decrease in the pore
diameter resulted in a slight reduction in gas permeance of the A-A filter
(3423.6 m®/(m?-h-kPa)) compared to that of pristine filter (3695.1 m3/
(m2h-kPa)). The filtration efficiency and quality factor revealed that A-
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Table 1

PM filtration performance comparison of this work and other filters.
Materials Air flow velocity (cm/s) Particulate matters (pm) Filtration efficiency (%) Pressure drop (Pa) Quality factor (Pa™!) Reference
CCM/PTFE/PET 5.33 0.3-2.5 >99.45 ~54.24 >0.095 This work
ATTM/PAN 5 0.3 99.626 184.27 ~0.03 [44]
Cellulose filter II ~0.115 0.05-0.5 98.76 2100 0.0026 [45]
MnO,@ZnO@PP 14.1 2.5,10.0 >99.5 ~60 ~0.036 [46]
PTFE/Nylon ~4 0.3-0.5 84.7 ~104.30 ~0.02 [47]1
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A filter exhibits a high PMy 3 filtration efficiency of 99.45% with the
quality factor of 0.095 Pa’! (Fig. 4b). For PM diameter larger than 2.5
pm, the filtration efficiency reaches 100% with a higher quality factor
value of 0.297 Pa’l. Table 1 compares the PM filtration efficiency and
quality factor of the A-A filter and other reported filters. A-A filter has
better PM 3 filtration efficiency (99.80%) at a higher gas velocity of
42.64 cm/s, and a more prominent PMj 3 quality factor (0.14 Pal)ata
lower gas velocity of 5.33 cm/s (Fig. S4 (a, b)). The outstanding quality
factor of the A-A filter can be attributed to the nanofiber structure of
PTFE membrane. The diameter of PTFE fibers can be controlled com-
parable with the mean free path of the air molecules (66 nm under
normal conditions), which results in a non-zero of gas velocity on the

nanofiber surface due to the “slip” occurs [42]. It significantly reduces
the drag force of gas flow which resulting in a lower filtration resistance.

The reusability of A-A filter upon heat disinfections in 10 treatment
cycles, and the corresponding results of filtering performance after each
treatment are illustrated in Fig. 4c and d. We observed little change in
the filtration properties. After 10 cycles of heat disinfection treatments,
the filtration efficiency of all PM; can be maintained stable over 95%
(only about ~0.52% reduction for PMy3). The slightly decreased
filtration efficiency can be attributed to the microstructure change of the
membrane after heating treatment (Fig. S5). The filtration efficiencies of
PMs and PM;( o were maintained at 100% consistently (Fig. S6). In
addition, the pressure drop remains comparable stability along with the
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Table 2
Antibacterial rates of A-A filter against bacteria and fungi.

Strain Number of live bacteriain ~ Number of live Antibacterial
the original bacteria bacteria on the test rate (%)
suspension (CFU/mL) filters surface (CFU/

mL)

E. coli 2.6 x 10° 4.0 x 10? 99.84

B. subtilis 4.3 x 10° 4.2 x 10° 99.02

A. niger 2.5 x 10* 1.6 x 10° 93.60

Penicillium 6.3 x 10* 3.0 x 10° 95.23

heat treatment cycles (decline 7.25 Pa). This can effectively reduce the
risk of particle inhalation by reusing the filter after undergoing disin-
fection processes [43].

3.4. Antibacterial effects of A-A filter

The A-A filter, as an internal germicidal layer of face mask between
the non-woven layer and hot air cotton layer, was prepared to evaluate
its practical antibacterial activity. The A-A mask was assessed by com-
parison with a commercial mask. As demonstrated in Fig. 5a, a large
amount of E. coli, B. subtilis, A. niger and Penicillium adheres on the
surface of commercial mask and forms a bacterial biofilm. On the other
hand, very few bacteria appeared on the A-A filter, especially the E. coli,
B. subtilis and Penicillium. An inhibition zone was also observed around
the A-A filter.

The internal filter layer of the mask was exposed to artificial path-
ogenic aerosols generated from suspensions (Fig. 5b). Table 2 shows that
the antibacterial rates of A-A filter against E. coli, B. subtilis, A. niger and
Penicillium were 99.84%, 99.02%, 93.60%, 95.23%, respectively. The
morphology of the four types of microorganisms in this experiment
changed greatly after contacting the A-A filter. Fig. 5c¢ (I, III, V, VII)
shows the microbial cells having a complete structure on the pristine
filter. E. coli and B. subtilis showed a typical rod shape, A. niger and

Journal of Membrane Science 661 (2022) 120885

penicillium showed a convex round shape. It can be seen from Fig. 5c¢ (II,
1V, VI, VIII) that the cell structure was destroyed, indicating the A-A
filter has good antibacterial performance. It has been previously
demonstrated that the CCM can cause rupture of the cell wall, leading to
cell content leakage [48]. Meanwhile, the hydrophobic A-A filter can
potentially induce dehydration for a bacterium, leading to its inhibition
[17]. Therefore, CCM and hydrophobic features of filter create an
enhanced effect that provides stronger protection against bacteria and
viruses.

To further verify the live/dead state of bacteria and fungi after
contact the control filter and the A-A filter (Supporting Information S5).
As shown in Fig. 5d, numerous live E. coli, B. subtilis, A. niger, Penicillium
were observed in green color after contacting the control samples, with a
small proportion in red, representing few dead bacteria. In contrast,
upon 1 h of contact with the A-A filter, the observed green fluorescence
signals were significantly decreased. Almost all cells were stained in red
color, revealing that most bacterial cells were disrupted or lysed without
any integrated morphology [49].

The antibacterial rates of A-A filter on E. coli could still be maintained
over 97.56% after 10 heat treatment cycles (Fig. 6a). K/S value of the A-
A filter remained unchanged, which was consistent with the antibacte-
rial results (Fig. 6b). The results suggested that the A-A layer prepared at
high temperature with CCM has strong bonding force, confirming the
experimental results in Fig. 3.

To verify the long-lasting antibacterial effect of A-A filter, the A-A
filter was folded and put into an air purifier to test its antibacterial
properties with E. coli after using it for a period of time. The results
showed that the antibacterial rates of A-A filter against E. coli could still
reach 98.25%, 96.75% and 88.75% after 1 month, 3 months and 6
months, respectively (Fig. 6¢). Two orders of magnitude reduction can
be seen from the photographs of E. coli colonies (Fig. 6d). CCM has better
solubility and stability after being treated with a certain amount of
acetic acid and ethanol. Not only can the interaction between the CCM
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and PET layers be stabilized, but the antibacterial activity of the A-A
filter is also enhanced, giving the A-A filter a great reusability potential
under harsh conditions.

Four major routes of antimicrobial action for CCM are provided, (i)
adhesion to cell membrane, (ii) effect on proteins, (iii) phototoxicity and
ROS generation, and (iv) penetration inside the cell and nucleus
(Fig. S7). CCM inhibiting the assembly dynamics of filamentous
temperature-sensitive protein Z (FtsZ) in the Z-ring is the most impor-
tant antibacterial mechanisms, which destroys the proliferative division
of bacterial cell to achieve antimicrobial activity (Fig. 6e(i)) [50]. The
stability and assembly of FtsZ protofilaments is a crucial factor for
bacterial cytokinesis. When the CCM interacts with the active site of
FtsZ, the binding ability of FtsZ protofilaments is weakened. Simulta-
neously, curcumin can inhibit bacterial biofilm formation and prevent
the bacterial adhesion to host receptors, ultimately resulting in bacterial
cell death or inactivation (Fig. 6e(ii)) [51].

3.5. Virus filtration and antiviral performance
Particulates with a diameter under 0.3 pm are more difficult to

Table 3
Antiviral activity of A-A filter against SARS-COV-2.

capture due to their teeny sizes, which is similar in size to the virus [6].
For example, the dimensions of the picornaviruses are around 30 nm and
the mean diameter of influenza viruses is approximately 120 nm.
Therefore, 18-300 nm NaCl aerosol size were used to simulate the virus
in this experiment (Fig. 7a). The initial pressure drops of pristine filter
and A-A filter were 101 Pa and 108 Pa, respectively. After 30 min
filtration test, the increase in the pressure drop for the pristine filter and
the A-A filter was 30.34% and 29.41%, respectively (Fig. 7b). The NaCl
aerosol filtration performance demonstrated that both pristine filter and
A-A filter can effectively intercept the aerosols (Fig. 7c). However, the
A-A filter has a better filtration efficiency at the most penetrating par-
ticle size (the NaCl aerosol size is 40 nm), which was 98.79%, while the
pristine filter was only 90.05%.

The cytotoxicity of the pristine filter and the A-A filter for Vero-E6
cells was tested (Supporting Information S6). Morphological study of
Vero-E6 cells revealed the cells undergo an important change in shape
and dimensions at different concentrations of A-A filter (Fig. S8a). The
A-A filter-0.4 was cytotoxic towards Vero-E6 cells at concentrations of
up to 0.4 g/L. Moreover, pristine filter and A-A filter-0.04 showed no
cytotoxicity to Vero-E6 cells, although A-A filter-0.1 were moderately

Samples CT value of control filter CT value of A-A filter Virus inhibition rate(%)
1 2 3 4 2 3 4

1 40.00 40.00 35.90 40.00 19.51 18.87 18.66 18.57 >99.90%

2 40.00 35.85 40.00 36.24 18.68 18.42 19.18 19.9. >99.90%

3 40.00 35.99 36.18 35.57 19.40 19.10 18.76 19.41 >99.90%

Note: CT = 40 represents no gene amplification.
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cytotoxic. Therefore, A-A filter-0.04 was chosen to antiviral experi-
ments, which did not reduce the cell sensitivity to virus and inactivation
of antiviral activity.

The antiviral test was based on the relevant operating technical
specifications of the new coronavirus (SARS-CoV-2) live virus in the
BSL-3 laboratory of the Jiangsu Provincial Center for Disease Control
and Prevention, meanwhile, the antiviral activity of textile products (BS
ISO 18184-2019) was referenced (Supporting Information S7). The in-
hibition rate of SARS-CoV-2 virus activity is greater than 99.90%, which
was evenly spread on the A-A filter-0.04 for 5 min (Table 3). CCM is a
plant-derived polyphenolic active substance which can be used to
damage the amino (-NHj) and carboxyl (-COOH) groups of RNA in the
coronavirus [52]. Ultimately, the process of viral adsorption, entry,
replication and even budding were disrupted to the inactivation of the
SARS-CoV-2 [53] (Fig. S8b).

4. Conclusion

In summary, a biological extracted CCM was introduced to fabricated
an antibacterial and antivirus membrane by nondestructive thermal
laminating composite technology. This functionalized membrane can
simultaneously intercept and sterilize pathogens such as bacteria and
virus. CCM loading condition, including the dose, pH and temperature
that closely relevant to its biological activities and binding force to the
substrate were optimized combining the membrane heating laminating
parameters. The obtained membrane exhibits high gas permeance of
3423.6 m®/(m?h-kPa), and up to 98.79% of interception rate to 18-300
nm NaCl aerosol particles. A-A filter has superior antibacterial activity
against Gram-negative (E. coli), Gram-positive bacteria (B. subtilis) and
fungus (A. niger, Penicillium) in short time (5 min) with long-lasting and
effective antibacterial properties after 6 months of use. The reusability
of the A-A filter can be effectively embodied in high temperature
disinfection cycles at 80 °C, which is significant for circular economy
and environmental protection. This work supplies a facile and efficient
way to functionalize the filter with antibacterial and antivirus roles,
combining the efficient aerosol filtration performance, which can be
effectively applied to personal and public protection.
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