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« Enable to instantly inactivate SARS-
CoV-2 (>99.14%) and HCoV-229E
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« Excellent growth inhibition (>99.51%)
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« Address the environmental concerns
raised by non-biodegradable face
masks.

« Development of safe, comfortable,
and biodegradable textiles for PPE.

« A facile and scalable method to
produce biocidal textiles for various
applications.
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ABSTRACT

Introduction: Face masks are regarded as effective Personal Protective Equipment (PPE) during the
COVID-19 pandemic. However, the dominant polypropylene (PP)-based masks are devoid of antiviral/an-
tibacterial activities and create enormous environmental burdens after disposal.

Objectives: Here we report a facile and potentially scalable method to fabricate biodegradable, breath-
able, and biocidal cellulose nonwovens (BCNWs) to address both environmental and hygienic problems
of commercially available face masks.

Methods: TEMPO-oxidized cellulose nonwovens are rendered antiviral/antibacterial via covalent bonding
with disinfecting polyhexamethylene guanidine or neomycin sulfate through carbodiimide coupling
chemistry.

Results: The obtained results showed that the BCNWSs have virucidal rate of >99.14%, bactericidal effi-
ciency of >99.51%, no leaching-out effect, and excellent air permeability of >1111.5 mm s~'. More impor-
tantly, the as-prepared BCNWs can inactivate SARS-CoV-2 instantly.
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Conclusions: This strategy provides a new platform for the green fabrication of multifunctional cellulose

nonwovens as scalable bio-protective layers with superior performance for various PPE in fighting

COVID-19 or future pandemics. Additionally, replacing the non-biodegradable non-antimicrobial PP-

based masks with the cellulose-based masks can reduce the plastic wastes and lower the greenhouse

gas production from the incineration of disposed masks.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The devastating and highly contagious coronavirus disease
(COVID-19) pandemic has led to infections on hundreds of millions
of people, resulting in inestimable and irretrievable socioeconomic
losses [1]. To alleviate the pandemic crisis, using the personal pro-
tective equipment (PPE) such as face masks is regarded as an
important strategy to constrain and mitigate the transmission of
concealed severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [2]. However, the current polypropylene (PP)-based
face masks without biocidal activity cannot eliminate the risk of
infection entirely due to the longtime life of microorganisms on
the mask surface [3]. Additionally, the performance and filtration
efficiency of PP-based masks greatly depends on the electrostatic
charges of masks which are disappeared generally after 8 h of utl-
izing the mask and make it necessary to be replaced by a new one
[4]. The current consumption of face masks is over 200 million
pieces per day [5] which results in an enormous burden of non-
biodegradable PP plastic pollution. Practically, the increased plastic
pollution from COVID-19 pandemic reminds scientists the impor-
tance to replace non-biodegradable goods with the biodegradable
ones mostly based on natural polymers such as chitin, cellulose,
starch, and lignin [6]. Simple replacing the PP-based mask by var-
ious types of cloth masks can address the issue related to the
biodegradability pollution. However, the filtration efficiency for
cloth masks was reported to be only ~80% for aerosols <300 nm
and ~90% for aerosols >300 nm [7]. More advanced face masks
such as N95, KN95, FFPs, and so on are generally able to
exclude >95% of airborne particles [8,9]. However, all these masks
still are suffering from non-biocidal activity and moreover, the dis-
posed masks can act as a source of virus for secondary transmis-
sion of diseases. Therefore, the fabrication of virucidal/
bactericidal face masks is of great significance for guaranteeing
the safety of the disposed masks.

Extensive research has been conducted to fabricate antibacte-
rial/antiviral materials relevant to face masks [10-13], such as
incorporating the metal nanoparticles [14], essential oils [15], inor-
ganic salts [16], and quaternary ammonium compounds [17] into
face masks. However, leaching-out of nanoparticles and poor adhe-
sion of water-soluble disinfectants with the mask become signifi-
cant issues in consideration of the safety and long-term
effectiveness of the masks [18]. Photo/electrothermal or
photosensitizers-induced antimicrobial face masks [19,20] have
shown effective and high inactivation activity, long-term durabil-
ity, and broad-spectrum antibacterial property. However, most of
these functional face masks require external triggers such as light,
pressure and voltage, which practically puts limitations on applica-
tions. Polyurethane-coated face mask [21] has good breathability,
durability, reusability, and can inhibit the adsorption of viruses
and bacteria. However, the highly infectious pathogen can survive
on these face masks which are lack of self-inactivation function.
More importantly, the above functional modifications are based
on non-biodegradable polypropylene (PP) fabrics that still raises
the concerns on huge consumption of petroleum resources and
significant environmental pollution. In fact, electrospinning
nanofiber nonwoven fabrics have been developed using polylactic
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acid/chitosan [22], gluten [23], silk fibroin [24], and licorice extract
[25] as biodegradable layer in face masks, but the major problem
associated with the electrospinning nonwoven fabrics is their
somehow decrease breathability [26]. More importantly, none of
those materials are endowed with antiviral activity. To solve these
problems, developing biobased or compostable nonwoven fabrics
with virucidal properties along with antibacterial activity repre-
sent a very promising solution for creating biodegradable and
multi-functional face masks. Prior to customizable-preparing such
innovative nonwoven fabrics, two challenges must be addressed:
1) covalently grafting the virucidal or disinfecting agents as a guar-
antee of sustainability and long-term effectiveness of face masks;
and 2) identifying biobased nonwoven fabric with desirable porous
structures for excellent biodegradability and breathability.

Here, we develop a facile methodology to create biodegradable,
breathable, and virucidal cellulose nonwovens (BCNWs). Cellulose
is the most abundant natural resources on Earth, and bears a num-
ber of active hydroxyl groups which can be easily modified by
antimicrobial agents [27]. We selected guanidine-based polymer,
especially polyhexamethylene guanidine (PHG) that has strong
antibacterial and antiviral properties [28,29], and neomycin sulfate
(NEO), a kind of water-soluble aminoglycoside antibiotic with high
antimicrobial activity [30] as virucidal agents in the current work.
Both PHG and NEO can be readily covalent-grafted on the TEMPO-
oxidized cellulose nonwovens (TOCNWSs) via the amide formation.
Despite that PHG and NEO are well known for their activities
against a broad spectrum of bacteria and certain types of viruses
[31,32], it is still unknown whether the grafting of those two
agents on TOCNWs in such a manner can create sufficiently high
antiviral activity against coronavirus, SARS-CoV-2 in particular.
Therefore, this work presents the first attempt on grafting the
tailor-selected functional polymer or agent on TEMPO-oxidized
cellulose nonwovens to endow the nonwovens with superior viru-
cidal performance. The prepared nonwovens in this work exhibited
the integrated properties of biodegradability, high virucidal and
bactericidal efficacy, excellent breathability, and long-term effec-
tiveness. Therefore, the incorporation of BCNWSs as a green bio-
protective layer into the face masks enables the superior protec-
tion against SARS-CoV-2 and bacteria, whereas the application
can be extended to other types of PPE materials like body protec-
tion suit/gown and textiles for hospital uses, thus magnifying the
benefits further.

Materials and methods
Materials and chemicals

Pristine cellulose nonwovens (CNWSs) with excellent breathabil-
ity and biodegradability, were prepared by wet-laid formation
followed by hydroentanglement consolidation as described
previously [33,34], in which 20 wt% bleached softwood pulp (fiber
length of 2.4-2.6 mm, width of 34.7 + 9.2 um, and thickness of 5.
0 + 1.8 um) and 80 wt% Lyocell fibers (fiber length of 12 mm,
diameter of 11.9 + 1.1 pm) were homogeneously mixed in a fiber
mixing chest. The mixed fiber slurry was pumped to a hydroformer
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to form the wet-laid fiber web which was consolidated by water
jets to obtain the CNWs. The pore size distribution of the as-
prepared CNWs is presented in Fig. S1.

2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO, 98%), sodium
bromide (NaBr, 99%), sodium hypochlorite solution (NaClO, 6-
14%), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC,
98%), N-Hydroxysuccinimide (NHS, 98%) and neomycin sulfate
(NEO, USP grade) were purchased from Aladdin Biochemical Tech-
nology Co., LTD. Polyhexamethylene guanidine (PHG) was self-
synthesized via the condensation polymerization described in
our previous work [35]. Sodium hydroxide and hydrochloric acid
were purchased from Nanjing Chemical Co., LTD and ethanol was
purchased from Wuxi Yasheng Chemical Co., LTD.

Fabrication of antibacterial and antiviral CNWs

CNWSs were firstly cut into a rectangular shape of size
14 x 16 cm? with a thickness of approximately 500 pm (see
Table S1 for details), then immersed in the reacting solution con-
sisting of 21.6 mg TEMPO, 270 mg NaBr, 140 mL of deionized
(DI) water, and NaClO at a pre-designed amount to keep pH of
the solution at 10; and the oxidation reaction proceeded for
approximately 4 h. Afterwards, the TEMPO-oxidized CNWs
(TOCNWSs) were washed with DI water for three times and then
ethanol for one time and dried at ambient temperature. After dry-
ing, the TOCNWs were added in 108 mL of EDC (20 mg L!) and
NHS (20 mg L) reacting solution for 30 min. Subsequently, PHG
and NEO aqueous solutions at different concentrations with the
pH of 7.5-8.0 were added in the former reaction system for 24 h
at ambient temperature. Finally, the as-prepared TOCNWs-PHG
and TOCNWs-NEO were washed with DI water (three times) and
then ethanol (one time) and dried at ambient temperature.

Antibacterial assays using E. coli and S. aureus

The colony method was adopted to quantitatively evaluate the
inhibition efficiency of cell growth. Firstly, the bacterial strains
(E. coli and S. aureus) were incubated overnight in Luria-Bertani
(LB) broth medium with shaking at 200 rpm at 37 °C. Then, the
bacterial suspension was diluted with LB broth to a concentration
of 5 x 10° colony-forming units (CFU)/mL. After that, 0.01 g
TOCNWSs-PHG (TOCNWSs-NEO) sample was added in 5 mL of
diluted bacterial suspension in the vial, and subsequently cultured
in a shaking incubator (200 rpm) at 37 °C for 10 min and 60 min,
respectively. Finally, the resulting bacterial suspensions (100 pL)
were spread on gelatinous LB agar plates respectively, culturing
at 37 °C for 24 h. The number of survival colonies was counted,
and the growth inhibition rate (GIR) was defined by the formula:
GIR=(A-B)/A x 100%, in which the A and B are the number of the
bacterial colonies counted from the control and TOCNWs-PHG
(TOCNWs-NEO) samples, respectively. The assays were repeated
three times for each bacterium.

Antiviral assays using HCoV-229E virus

The HCoV-229E virus was propagated on the Madin-Darby
Canine Kidney (MDCK) and incubated in the maintenance medium
(800 mL of grade 3 water, 60 mg kanamycin sulfate and 9.53 g
agle’s minimum essential medium), Trypsin and PBS solution at
34 °C. The prepared virus suspension (0.2 mL) was spotted on
the surface of modified CNWs or control samples with a size of
20 x 20 mm? in the vial containers, and then, the samples in the
vials were incubated at 25 °C for 60 min. Afterwards, 20 mL of Soy-
bean Casein Digest Lecithin Polysorbate (SCDLP) medium were
added in the vials and thereafter, the vials were vortexed for 5 s
and 5 times to wash out the virus from the samples. After serial
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dilution, 0.1 mL of virus suspension was mixed with MDCK cells
seeded previously at a density of 10% cells per well, followed by
incubation for 1 h at 34 °C with 5% CO,. After that, 0.2 mL of the
maintenance medium was added, and the plates were incubated
at 34 °C with 5% CO,. After 7 days, each cell in the wells was
observed using an inverted optical microscope to monitor the
cytopathy of the cell. TCIDso was calculated according to the Beh-
rens and Karber method.

Antiviral assays using SARS-CoV-2 virus

In a typical titer assay, the VeroE6 cells were seeded in 96-well
plates one day prior to the experiment and used to propagate the
SARS-CoV-2 SHO1 strain (GenBank accession no. MT121215). A
total of 100 pL (20 pL each drop) of the virus suspension was spot-
ted on the surface of BCNWs samples in a size of 20 x 20 mm?, and
then, the BCNWs samples were exposed for a certain time at 25 °C.
The BCNWs samples with the virus were vortexed for 5 s and stir-
red for 5 times in a tube containing 10 mL of EBSS at each time
point. After serial dilution by mixing the virus suspension and
maintenance medium (1:9), the virus dilutions (100 pL) were
added in each well and cultured for 1 h at 37 °C with 5% CO,_ Then,
each well was added 100 pL of methyl cellulose and incubated for
48 h at 37 °C with 5% CO,, After that, 200 pL of 4% paraformalde-
hyde were added in each well for 30 min. Subsequently, the solu-
tions in the plate were transferred to 0.2% saponin solution for
stanning. Cells were stained with rabbit against SARS-CoV-2 N pro-
tein polyclonal antibody overnight at 4 °C, and then incubated with
the secondary goat anti-rabbit horseradish peroxidase (HRP)-
conjugated antibody for 1 h at room temperature. TrueBlue sub-
strate (Sera Care #5510-0030) was added to develop the focus-
forming unit. The inverted microscopy was used to count the pla-
ques which were reported as PFU mL™". All data were standardized
as 1 x 10° PFU initial load and plotted PFU (plaque-forming unit).

Inhibition zone assay

The assay for visualizing the inhibition zone was conducted to
evaluate the leaching-out effect of the disinfectants incorporated
into the BCNWs against both E. coli and S. aureus strains. Prior to
the assay, both E. coli and S. aureus strains were incubated in
Luria-Bertani (LB) broth medium overnight with shaking at
200 rpm at 37 °C. Then, 100 pL of bacterial suspensions (5 x 10°
CFU/mL) were uniformly coated on the LB agar plate. Afterwards,
the BCNWs samples in a diameter of 6 mm were placed in the bac-
terial inoculated agar plate, and then incubated at 37 °C for 24 h.
The size of the inhibition zone was finally measured to assess the
leaching-out effect of the samples.

Cell viability assays

Cytotoxicity of antibacterial and antiviral CNWs was assessed
using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay on NIH3T3 cells (from mouse embryonic
fibroblasts) which were cultured in cell growth media (87% Dul-
becco’s Modified Eagle Medium (DMEM), 10% fetal bovine serum
(FBS), 1% sodium pyruvate, 1% glutamine, and 1% nonessential
amino acids). Samples were pretreated by UV-sterilization at each
side for 30 min, and then placed in a 48-well plate. 100 puL of
growth medium was used as control. Subsequently, the cultured
NIH3T3 cells were seeded on the CNWs samples with an initial
density of 1 x 10* cells per well and incubated at 37 °C in the 5%
CO, incubator. After 24 h, CNWs samples and growth medium
were removed, and each well was washed with PBS for three times.
Afterwards, 200 pL of growth medium containing MTT
(0.5 mg mL™!) was added in each well and incubated at 37 °C in
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the 5% CO, incubator for 4 h. After the incubation, 200 pL of
dimethyl sulfoxide (DMSO) was added, and the mixed solutions
were gently shaken for 10 min. The absorbance change was
observed at 570 nm to determine the cell viability.

Biodegradation test

Five types of nonwovens were prepared for biodegradation
tests, including TOCNWs-PHG, TOCNWSs-NEO, CNWs, blue
polypropylene spunbond nonwovens (PP SBNWs-1), and white
polypropylene spunbond nonwovens (PP SBNWs-2). Test samples
with size of 2.5 x 2 cm? were buried in nutrient soil and watered
regularly. To observe the morphological change of samples for var-
ious periods (after 10, 20, 30, and 40 days), samples were dug out
of the soil and recorded.

Characterization

SEM images were examined by a Hitachi Regulus 8100 SEM
working at an acceleration voltage of 5 kV. Fourier-transform infra-
red (FTIR) spectra were collected with a VERTEX80v spectrometer
(Bruker Optik GmbH, Germany). X-ray photoelectron spectrometer
(XPS) spectra were recorded on an AXIS UltraDLD spectrometer
(Kratos, UK). The element content data of samples were collected
with an elemental analyzer (2400 II, Perkin Elmer, USA). A T200-
Auto 3 Plus contact angle analyzer (BiolinScientific, Germany)
was used to conduct the water contact angle test, in which a drop
of distilled water (4 pL) from a micro syringe was automatically
dispensed on the surface of sample. A digital air permeability tester
(YG461E, Wenzhou Fangyuan Instrument Co., Ltd, China) (Fig. S2)
was used to evaluate the air permeability. An Automated Filter Tes-
ter 8130 (TSI Inc., USA) (Fig. S3) was used to measure the filtration
efficiency and pressure drop with a flow rate of 85 L min~', and
sodium chloride (NaCl) monodisperse aerosols with a mass median
diameter of 0.26 um were used as the model particles.

Results and discussion
Synthesis of antibacterial and antiviral CNWs

Fig. 1a presents an overview of the synthesis of
TOCNWSs-PHG/NEO via TEMPO oxidation followed by disinfectant
grafting. The pristine cellulose nonwovens (CNWSs) were
pretreated by TEMPO/NaBr/NaClO oxidation to increase the
number of the reactive sites (carboxyl groups) on the surface of
CNWs. Subsequently, grafting reactions were conducted by
immersing the TEMPO-oxidized CNWs (TOCNWSs) in PHG or NEO
solutions with various concentrations. The amide formation
between the carboxyl groups on the TOCNWSs and primary amino
groups of PHG or NEO, i.e., carboxyl-to-amine crosslinking, was
promoted by 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) and N-hydroxysuccinimide (NHS)-mediated covalent cou-
pling reaction (Fig. S4). Thereafter, the resultant modified TOCNWs
were washed with deionized water (DI) and ethanol to remove any
residual agents. The TOCNWs modified by PHG and NEO are abbre-
viated as TOCNWs-PHG and TOCNWs-NEO, respectively. The rep-
resentative optical images of the relevant samples are shown in
Fig. 1b and Fig. S5, which indicated no obvious changes of mor-
phology of CNWs after modification. The as-prepared nonwoven
can act as a multi-functional outer layer of the mask to effectively
inactivate the bacteria and viruses (including coronavirus) upon
the exposure or contact. Due to well-designed structure of CNWs
and low dosage of disinfectants, the excellent breathability and
biodegradability of the nonwoven with superior virucidal activity
are maintained (Fig. 1c).
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Characterization of BCNWs

To demonstrate the successful covalent conjugation between
the guanidine-based polymer or NEO and CNWs, FTIR spectra cor-
responding to each step of the reactions are presented in Fig. S6. A
new absorption peak at 1608 cm~! in the spectrum of TOCNWs
was assigned to the stretching band of the sodium carboxylate
groups (-COONa), which confirmed the successful TEMPO oxidiza-
tion on the surface hydroxyl groups of CNWs. The successful graft-
ing of the PHG on TOCNWs was confirmed by the peak at
1636 cm™~!, which is ascribed to C=N stretching vibration and sug-
gested the existence of PHG in the sample. No specific strong peaks
can be detected for the NEO grafting from FTIR, which, however,
has been confirmed from the XPS results shown below.

The grafting of different chemicals on CNWs via covalent bond-
ing was further identified from the X-ray photoelectron spec-
troscopy (XPS) spectra (Fig. 2a-2f). Apparently, the Na 1s peak
appeared in the TOCNWs (Fig. 2a), indicating the presence of the
sodium carboxylate groups when compared with the XPS wide
scan spectrum of CNWSs. Meanwhile, comparing the C 1s core-
level spectra of TOCNWSs (Fig. 2¢) with that of CNWs (Fig. 2b),
the new peak with binding energy of 287.7 eV corresponding to
the O-C=0 occurred, suggesting the formation of carboxyl groups
after TEMPO oxidization. The C 1s core-level spectra of TOCNWs-
PHG (Fig. 2d) displayed several peaks with binding energies of
284.6, 286.3, 288.7, 285.0, 287.6 and 288.4 eV, which were
assigned to the C-C, C-0, C=0/0-C-0, C-N, 0-C=0 and C=N groups,
respectively. Noting that a new peak at 288.4 eV (C=N) demon-
strated the successful attachment of PHG to TOCNWs. The C 1s
core-level spectra of TOCNWs-NEO were curved and fitted to
284.6 eV for C-C species, 286.6 eV for C-O species, 288.7 eV for
C=0/0-C-0O species, 285.0 eV for C-N species, and 287.7 eV for
0-C=0 species, respectively. Among them, the success of grafting
NEO onto the surface of TOCNWSs was especially confirmed by
the new C-N peak at 285.0 eV (Fig. 2e). Moreover, the successful
conjugation of PHG onto the TOCNWs was confirmed by the new
peak N=C at 400.4 eV (Fig. 2f). Overall, the results from XPS clearly
demonstrated the success in the preparation of TOCNWSs-PHG and
TOCNWSs-NEO via covalent grafting.

Nitrogen content obtained by elemental analysis was used to
estimate the quantity of PHG and NEO in the modified TOCNWs.
According to the results (Table S2), in the absence of NHS around
96.1 mg g~! PHG moieties incorporated in TOCNWSs while the Cpyg
for TOCNWSs-NHS-PHG was slightly higher, i.e., 122.6 mg g
Indeed, NHS improved the activation of the carboxyl groups of
amino acids in the reaction process and therefore, higher grafting
contents could be obtained. The Cyngo of TOCNWSs-NEO
(155.7 mg g~ ') was much higher than that of TOCNWs-PHG. This
result can be attributed to more amino groups on NEO molecule
chain; and it also has less steric effect than polymeric PHG, thus
resulting in higher grafting amount.

The representative field-emission scanning electron microscopy
(FE-SEM) images of the relevant samples at different reacting steps
presented in Fig. 2g revealed the randomly oriented three-
dimensional nonwoven morphology with small holes on the mate-
rial surface. It should be noted that no obvious morphological
changes of the sample surface were observed after the TEMPO oxi-
dization and polymer grafting, which in turn guarantees the appro-
priate air permeability of CNWs even after the modification.
Despite the high concentration of TEMPO/NaClO reagents can
severely degrade the cellulose nanofibrils [36], the more persistent
microfiber structure of CNWs treated with low concentration of
TEMPO/NaClO reagents in the current work was observed. Fig. 2h
demonstrates the feasible applications of antibacterial and antivi-
ral CNWs in respirator and medical face mask. The TOCNWs-PHG
are as flexible as traditional nonwovens used in mask filter media



C. Deng, F. Seidi, Q. Yong et al.

CNWs

TOCNWs

AT

TEMPO
oxidation

Journal of Advanced Research 39 (2022) 147-156

TOCNWSs-PHG/NEO

7 Celulose fiber 4§ Virus

O Bacteria

Fig. 1. Fabrication of antibacterial and antiviral CNWs. (a) Schematic illustration of the synthesis of biocidal TOCNWs-PHG/NEO. (b) Optical images of CNWs and TOCNWs-
PHG (scale bar: 2 cm). (¢) Schematic demonstration of breathability and biocidal ability of TOCNWs-PHG/NEO.

and can be readily folded, pleated, rolled-up, and recovered
(Fig. S7), so do the TOCNWSs-NEO samples (Fig. S8). It should be
noted that the water contact angle (WCA) of CNWs was changed
slightly after the grafting of the antimicrobial agents (Fig. S9).
The initial WCA of TOCNWSs-PHG (98.6°) increased moderately
compared to that of pristine CNWs (74.1°), which might be
ascribed to the less hydrophilic long chain structure of PHG. How-
ever, similar to CNWs, the WCAs of both TOCNWs-PHG and
TOCNWSs-NEO exhibited rapid reduction to 0° after 0.25 s
(Fig. S9), due to the bulky three-dimensional and porous structures
(Fig. 2g).

Antibacterial and antiviral properties of BCNWs

Prior to assessing virucidal performance, the killing efficiencies
of the TOCNWs-PHG and TOCNWs-NEO was evaluated first. We
challenged the BCNWs as well as pristine CNWs with two typical
pathogenic bacteria, Gram-negative Escherichia coli (E. coli) and
Gram-positive Staphylococcus aureus (S. aureus). For the antibacte-
rial assay, the samples with a weight of 0.01 g were mixed with
5 mL of bacterial suspension (5 x 10° CFU/mL), and the bacterial
proliferation was assessed using a colony count method. The pris-
tine CNWs exhibited poor killing efficiencies reaching 26.16% +
1.30% (E. coli) and 28.11% 1.95% (S. aureus) at 60-min contact
time (Fig. S10), which might be induced by the sulfate remained
in the fabrication of pulp fiber. As for TOCNWs-PHG, the time-
dependent antibacterial effect is shown in Fig. 3a. Clearly, the
TOCNWSs-PHG showed effective inactivation of bacteria, achieving
the killing efficiencies of >99% of E. coli and S. aureus in 10- and
30-min contact time, respectively. The results suggested the
stronger inhibitory effect of the TOCNWs-PHG on the growth of
E. coli strains than that of S. aureus strains. As for TOCNWs-
NEO, the killing efficiencies of >99% of E. coli and S. aureus were
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obtained in 30- and 10-min contact time, respectively, which
appears to be opposite to the inactivation activities of TOCNWs-
PHG against E. coli and S. aureus (Fig. 3b). Therefore, it is specu-
lated that NEO polymer has better disinfecting capability against
S. aureus compared to E. coli within short time. This might be due
to the fact that the cell membrane constituent of S. aureus has an
outer peptidoglycan layer that can be inactivated and destroyed
easily by NEO, thus allowing NEO to penetrate inside the cell to
bound with the DNA and to deactivate the organisms. In contrast,
the outer phospholipid membrane of E. coli is relatively easy to be
deteriorated by PHG. Moreover, killing efficiency of the BCNWs
with various disinfectant dosages were investigated. Evaluation
of the parent biocidal agents showed that both PHG and NEO
exhibited excellent killing efficiencies (>99%) against E. coli and
S. aureus after 15-min contact time even under the lowest start-
ing concentration (0.1 mg mL™') (Fig. S11). As shown in Fig. 3c,
the killing efficiencies of TOCNWSs-PHG against the E. coli and S.
aureus increased with the increasing concentration of disinfec-
tants after 15-min contact time. However, the TOCNWSs-PHG
showed better inactivation activities on E. coli compared with S.
aureus, which are consistent with the results displayed in
Fig. 3a. Meanwhile, the increasing killing efficiencies of
TOCNWSs-NEO against the E. coli and S. aureus were also observed
when the concentration of disinfectants was increased (Fig. 3d),
while TOCNWs-NEO was more effective against the S. aureus than
E. coli. Moreover, the Kkilling efficiency of the TOCNWSs-NEO
against the E. coli was only 86.28% + 1.42% even the concentration
of NEO reaching 100 mg mL™!, indicating the time-dependent
inactivated effect of the TOCNWSs-NEO against the E. coli. To
demonstrate the durability of BCNWs, the samples were placed
in water under constant stirring for 30 min at room temperature
to simulate the daily washing of face masks (Fig. S12a). After 15-
min contact with bacteria (Fig. S12b), the washed BCNWs still
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recovered.

kept high killing efficiencies that are comparable with those of
the unwashed BCNWs (Fig. 3¢ and 3d, 100 mg mL~!) against
S. aureus in particular.

Antiviral function or behavior is the key focus of the current
work, and of the most importance for us to judge whether the
bioprotective PPE materials can effectively inactivate viruses,
especially for SARS-CoV-2, thereby benefiting the fight against
the COVID-19 pandemic nowadays. To evaluate the antiviral
performance of the BCNWs, we tested the TOCNWSs-PHG and
TOCNWSs-NEO against both HCoV-229E (Human coronavirus) and
SARS-CoV-2 viruses and assessed the cytopathic effect using a Titer
assay. HCoV-229E, a type of coronavirus, is an enveloped
single-stranded RNA virus, which has been shown to have less
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virulent capacity [37]. Therefore, HCoV-229E is an appropriate
surrogate on several BCNWs samples prior to the SARS-CoV-2
inactivation tests. As shown in Fig. 3e, nearly no contact inactiva-
tion was observed on the unmodified CNWs (10547 TCIDsq/mL)
compared to that of control virus suspension (1056 TCIDso/mL),
and the harvested phages could grow and proliferate freely in
the culture medium. In contrast, both TOCNWSs-PHG and
TOCNWSs-NEO showed effective inactivation of HCoV-229E phage,
achieving titers of 10*72 and 10*>> TCIDso/mL, respectively, after
60-min contact exposure. In comparison, the TOCNWs-NHS-PHG
had a lower titer value (10%°° TCIDso/mL) compared to that of
TOCNWSs-PHG, which could be explained by the improved
reactivity due to the addition of NHS, thus resulting in higher
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grafting amount of guanidine-based polymer on the surface of
CNWs. To express the antiviral performance of virucidal CNWs
more intuitively, Fig. 3f presents the results compiled in the form
of HCoV-229E survival which is defined as the ratio of a titer at a
given exposure time normalized relative to that of the control virus
suspension multiplied by 100% (Table S3). As shown in Fig. 3f, the
survivals of HCoV-229E phages were 1.17% + 0.15%, 0.78% + 0.13%,
and 0.28% + 0.07% for the TOCNWSs-PHG, TOCNWSs-NEO, and
TOCNWSs-NHS-PHG, respectively. These positive findings from the
HCoV-229E antiviral assay proved that the cellulose-based nonwo-
vens grafted with the reactive chains containing PHG and NEO seg-
ments are highly virucidal to the coronavirus. More importantly,
the excellent inactivation abilities of the BCNWs demonstrated
by HCoV-229E antiviral assay literally encouraged us to proceed
with identifying their inactivation activity against SARS-CoV-2,
which is critical for the application of the antiviral masks or tex-
tiles in the current pandemic or even afterwards.

As shown in Fig. 3g, both TOCNWs-PHG and TOCNWSs-NEO
exhibited rapid and effective inactivation of SARS-CoV-2 virus,
achieving 0.75, 0.87 and 2.33, 2.07 log 10 reduction in PFU
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(plaque-forming units) after ~0.1- and 30-min contact time,
respectively (Table S4), which highlighted the fast and highly viru-
cidal activities. These positive results, especially after momentary
contact (~0.1 min), demonstrated the effectiveness of the BCNWs
in rapidly inactivating SARS-CoV-2 for the first time since such
superior performance has never been reported previously for the
cellulose-based nonwoven antiviral-modified in the manners
developed in the current work. Noteworthily, TOCNWs-PHG
showed better inactivation ability when compared to TOCNWs-
NEO within 10- and 30-min contact time, indicating that PHG is
advantageous to inactivate the SARS-CoV-2 within short contact
time. Meanwhile, the survival of SARS-CoV-2 after contacting the
BCNWs is displayed as a function of exposure time in Fig. 3h. As
can be seen, the survivals of SARS-CoV-2 after instant contact
(~0.1 min) with TOCNWSs-PHG and TOCNWSs-NEO were 17.75% +
2.60% and 13.48% * 0.61%, respectively, revealing the instant inac-
tivating abilities. As the exposure time was prolonged to up to 30
min, the inactivation rates of TOCNWs-PHG and TOCNWs-NEO
reached as high as 99.54 + 0.11% and 99.14% + 0.24%, respectively,
confirming the superior virucidal characteristics of the modified
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BCNWs. In addition, compared with antiviral activities towards
HCoV-229E aforementioned, the modified BCNWs exhibited even
higher effectiveness in inactivating SARS-CoV-2, thus further
validating the suitability of such-modified nonwoven as promising
PPE to provide outstanding bio-protection against SARS-CoV-2,
which is of great significance to the current COVID-19
pandemic. To further verify the leaching-out effect of disinfectants
incorporated into the BCNWs, the inhibition zone assay [31,38]
was performed. As shown in Fig. 3i, both TOCNWs-PHG and
TOCNWSs-NEO displayed no inhibition zone against E. coli and
S. aureus, suggesting that the covalent grafting method can
eliminate any the leaching-out or release of the virucidal agents
from BCNWs substrates. Therefore, the safety of as-prepared
BCNWs was further proved, allowing them to be promising
materials incorporated in face masks or other types of PPE without
inducing safety concerns.

The as-prepared BCNWs exhibited highly instant virucidal
(>99.14%) and bactericidal (>99.51%) efficacy, which was ascribed
to the biocidal function of PHG or NEO grafted on the surface of cel-
lulose nonwovens. Up on exposure or contacting with the patho-
gen in aerosols or liquid form, the functionalized BCNWs
networks captured or entrapped the viruses or bacteria firstly,
and then inactivate the pathogens by the PHG or NEO grafted on
the nonwoven surface. The lipid envelope of SARS-CoV-2 could
be disorganized and damaged severely through the interaction of
PHG segments with viral particles and therefore, leading to the
leakage of the viral genome. Furthermore, considering the replica-
tion of virus infection requires the endosome with low pH [39], the
viral infection might be inhibited by the endosomal pH that is neu-
tralized by the unprotonated amine groups in guanidine-based
polymers. The antiviral mechanism of neutralized endosomal pH
might also be suitable for the amine groups presented in NEO.
Moreover, NEO might be able to interact with the viral structural
or bind to viral RNA specifically, thus resulting in the direct inacti-
vation of SARS-CoV-2. It is also possible that NEO might directly
inhibit the protein synthesis and viral translation, which reduces
the viral RNA synthesis [40]. In particular, the antiviral results of
NEO are consistent with reports that aminoglycosides inhibit repli-
cation of DNA and RNA viruses in several species [41]. Therefore,
from a mechanistic point of view, the covalent grafting of PHG or
NEO on the cellulose nonwovens promises the applications of the
BCNWs in performance-enhanced face masks or other functional
PPE.

Cytotoxicity, filtration property and biodegradability of BCNWs

Safety regulations for the use of PPE require disinfecting poly-
mer or agent as well as relevant materials to have low cytotoxicity;
and especially those bearing the minimal cytotoxicity are generally
preferable to be accepted. To validate the surface cytotoxicity of
the BCNWs created in this work, an in vitro MTT method and
live/dead viability assays were adopted to analyze the cell viability.
As shown in Fig. 4a, the MTT values of TOCNWs-PHG and TOCNWs-
NEO were 84.32% + 10.86% and 81.19% + 9.19%, respectively, indi-
cating good viability of NIH3T3 cells when contacting with the
BCNWs. In comparison, the biocidal masks modified by AgNPs
showed lower cell viability of ~30% even when the concentration
of AgNPs is only 5 ug mL~! [42]. Meanwhile, the results obtained
from the visualization of the fluorescent images of live/dead assays
(Fig. 4b-4d) showed that both TOCNWs-PHG and TOCNWSs-NEO
had little influence on the cell viability compared to the control
sample, thus further demonstrating the desirable biosafety of the
modified BCNWs as bioprotective PPE without causing any detri-
ments of health even when directly contacting with the human
body.
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Considering the practical bio-protection applications associated
with textile, face masks in particular, we further investigated the
filtration property of the virucidal CNWs in conjunction with
polypropylene meltblown nonwovens (PP MBNWs) which is typi-
cally used as a mid-layer in face masks to entrap fine aerogels
and particles via electrostatic interaction. Meanwhile, the filtration
property of a single PP MBNWs was also examined as a control to
identify whether the virucidal CNWs layer has any impact on the
filtration property of the entire filtering media. The evaluation of
filtration performance was carried out using polydisperse sodium
chloride (NaCl) particles as model particles for bacteria and viruses.
The filtration efficiencies of single CNWs, TOCNWSs-PHG, and
TOCNWSs-NEO were 8.23% + 0.21%, 8.07% + 0.15%, and 7.90% +
0.20%, respectively (Fig. S13). After combining BCNWs with PP
MBNWs, as shown in Fig. 4e, the filtration efficiencies of the
TOCNWSs-PHG and TOCNWs-NEO integrated with PP MBNWSs were
99.40% + 0.02% and 99.39% + 0.02% (85 L min~!), respectively,
which were comparable with that of the single PP MBNWs
(99.38% + 0.04%), demonstrating no distinct negative effects when
the functional virucidal CNWs are used as alternatives for other
layers in face masks. Meanwhile, the pressure drops of the
TOCNWSs-PHG (119.03 + 2.47 Pa) and TOCNWSs-NEO (115.49 + 3.4
4 Pa) integrated with PP MBNWs were increased compared to that
of single PP MBNWs (93.22 + 1.96 Pa) at the airflow of 85 L min~",
which, however, was only a third of the standard pressure drop of
NO95 respirator (350 Pa at 85 L min~') [43]. To further prove the
robust breathability of the virucidal CNWs, we measured the air
permeability of the nonwoven using an air permeability tester
with a pressure difference of 100 Pa. As shown in Fig. 4f, the air
permeabilities of TOCNWSs-PHG and TOCNWSs-NEO were 1111.57
+59.41 mm s~ ' and 1117.30 = 55.32 mm s~ !, respectively, which
is about 4 times as high as PP MBNWs (271.61 = 7.20 mm s~ '). The
high air permeability is desirable in wearing comfortability for face
mask, which guarantees the superior performance of the face
masks integrated with the virucidal BCNWs as a biodegradable
substitute layer in filtering media. The promising filtration efficien-
cies were also confirmed by SEM observations. As can be seen from
Fig. 4g, after filtration loading for 20 min, enormous sodium chlo-
ride particles were deposited on the fiber surface of PP MBNWs due
to electrostatic attraction, which is crucial to the mask filtration
efficiency. Meanwhile, the TOCNWs-PHG and TOCNWs-NEO can
also capture or entrap some small particles on their fiber surface
(Fig. 4h and 4i), implying that they may provide the barrier
towards aerosols to some extent though rendering face masks viru-
cidal is the key role.

To investigate the biodegradability of the BCNWs, TOCNWSs-
PHG and TOCNWSs-NEO were buried in soil along with the pristine
CNWs and two kinds of commercial outer layer of face masks (PP
SBNWSs-1 and PP SBNWSs-2). As shown in Fig. S14, while
petroleum-based PP SBNWs remained almost unchanged 40 days
after burying, the CNWs and BCNWs were completely decomposed
in around 30 and 40 days, respectively, demonstrating the excel-
lent biodegradability of BCNWs in soil. Therefore, the incorporation
of BCNWs in face masks can effectively alleviate the environmental
burden caused by petroleum-based PPE in current and future
pandemics.

Conclusion

A facile and effective strategy was developed for the scalable
fabrication of biodegradable and antiviral/antibacterial materials
through the covalent grafting of highly biocidal agents including
polyhexamethylene guanidine (PHG) and neomycin sulfate (NEO)
on cellulose nonwovens. The as-prepared biocidal cellulose non-
wovens (BCNWSs) can inactivate, within minutes, >99% of the
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SARS-CoV-2, HCoV-229E viruses, and Gram-positive and Gram-
negative bacteria. Additionally, biodegradability, low cytotoxicity,
and excellent breathability of BCNWs enable them to be appropri-
ate materials for face masks to achieve robust bio-protection with-
out compromising the interception efficiency and negative impact
on environment. Household textiles, industrial wipes, health-care
materials, and air filters could also be made from BCNWs with tai-
lored nonwoven structures whereas the strategy developed in this
work for the efficiently grafting of virucidal segments remains
applicable. The resultant biodegradable nonwovens are anticipated
to satisfy the hygiene requirement of the public in the current
COVID-19 pandemic and emerging infectious diseases in the
future.
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