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Wearing face masks during pandemics is an important protective measure
against the spreading of virus-related infectious diseases. Nevertheless, the
risk of indirect transmission of virus by handling masks is one of the earliest
concerns. This problem can be minimized by supplementing the masks’
textile structure with virus protective coatings. Therefore, in this concept,
suitable techniques for manufacturing virus protective filter media should be
evaluated. In this study, nonwoven polyamide 6 (PA6) filter material is
functionalized with negatively charged linear polyglycerol sulfate (LPGS) as a
virus binding functional group. Two coating conditions are investigated in
which the direct covalent coating with LPGS has emerged as the optimum
coating method, showing no damage to the PA6 nanofiber structure. The
uncoated PA6 and LPGS-coated PAG6 filter materials exhibited virus particle
filtration efficiencies of 95% and 94% for airborne feline coronavirus, 98% and

1. Introduction

Acute respiratory infectious diseases
caused by influenza viruses, rhi-
noviruses, and coronaviruses have
caused significant human health risks
globally.[!l Coronaviruses, namely SARS-
CoV, MERS-CoV, and the recent SARS-
CoV-2, have been a significant concern
for public health. These are transmitted
via droplets, aerosols, and even contam-
inated surfaces, and have resulted in
significant fatality.!”) During the ongo-
ing SARS-CoV-2 pandemic, scientific
evaluations have demonstrated that
wearing a face mask is an effective non-

86% for airborne equine herpesvirus 1(EHV-1), respectively. However, the
SARS-CoV-2 absorption assay in solution indicates that the LPGS coating
reduces viral titres up to 71% when incubating with the LPGS-coated PA6
filter media for one-hour. Thus, such an effect is not seen for uncoated PA6
materials. These findings confirm the suitability of LPGS coating as a suitable
platform for suppression the spreading of viruses in different pandemics.
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pharmacologic intervention to minimize
community spread of diseases. Recently,
the effectiveness of face masks against
viral transmission has been extensively
studied in terms of source control and
personal protection for both exhalation
and inhalation of infectious virus. As
source control, masks block the exhala-
tion of virus-containing droplets into the
air. As personal protection, they form a
barrier against virus-contaminated droplets and aerosols from in-
haled air.’!

Face masks available in the market including cloth masks and
those with polymeric filters offer varying levels of protection.*]
Indeed, filtration efficiency is a key safety parameter to determine
the performance of the different face masks.’! Several studies
have shown that cloth masks do not provide high filtration ef-
ficiency for sub-micron or even larger aerosols and droplets.[°]
Polyurethane face masks have been extensively used in filter-
ing airbornes and especially air pollutants.l”l Currently, dispos-
able face masks made from polymeric fabrics are highly recom-
mended for air filtration.!®] These masks are usually produced
in three layers as surgical face masks, using meltblown nonwo-
ven filter in the middle and two spunbond fabric outer layers.
Materials commonly used for meltblown and spunbond are ny-
lon, polypropylene, and polystyrene.[®] In addition to surgical face
masks, N95 and FFP2 masks are made in five layers: three in-
ner nonwoven filters and two outer spunbond, a configuration
that exhibits higher filtration efficacy.**1% But significant limita-
tions are seen: a significant increase of discomfort and decrease
in breathability from surgical masks to FFP2 or N95 masks.[!!]

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 1. Schematic representation of structures of (A) LPGS-b-NH, and (B) LPGS-b-BPh the reaction condition.

Their comparative efficacy aside, when these masks are used,
captured viruses remain active on their surface for some time,
affecting the actual efficiency of the mask. In addition, disposal
of the mask may also increase rather than decrease the indirect
transmission of virus.[?l Furthermore, touching disposed face
masks containing active viruses can increase infection through
different pathways via uptake from mucous membranes from
mouth, eye, etc. Therefore, using antiviral textiles may minimize
the secondary transmission of infectious viruses.['*] Moreover,
the ability to disinfect and reuse antiviral textiles can significantly
reduce environmental pollution.*]

Textiles with antiviral properties are interesting not only in face
masks but also in other areas of medicine such as specialty cloth-
ing, health care facilities, etc.I'>) Among different compounds,
carbon-derived material,/**] metals and metal oxides,'’] and an-
tiviral polymers!'®] have been investigated as materials with abil-
ity to bind viruses for modification of textiles.l'”] Nonetheless,
many of these efforts have failed in the industrialization step due
to challenges in manufacturing processes, difficulty in scale-up
of the materials, and toxicity issues.['’! To date, there have been
two main techniques for the functionalization of textiles:

1) Blend electrospinning: In this technique, the antiviral ma-
terial is mixed with the polymer spinning solution before elec-
trospinning. 2) Wet chemical treatment or surface graft polymer-
ization: This is another technique in which the antiviral material
is added to the surface of fabric via improving the surface adhe-
sion and wetting characteristics to produce the fabric’s antiviral
function.[2%]

Polymeric materials such as polypropylene (PP) and
polyamide 6 (PAG) have been widely used in the fabrication
of air filter materials and respirators, especially during the
SARS-CoV-2 pandemic.?! To achieve viral protective properties,
the surface of these materials can be chemically modified.
Considering the virus binding potency of negatively charged
polysulfates,[??] their presence on the surface of PP or PA6
fibers can be considered a useful strategy to protect against
infectious viruses. In this study, we have successfully synthe-
sized LPGS with amine (LPGS-b-NH,) and benzophenone
(LPGS-b-BPh) moieties in 200 g and 100 g scales according to
our previously published works.[? In the next step, we have
used two approaches for coating LPGS to the surface of non-
woven polyamide (PA6) nanofiber via both LPGS-b-NH, and
LPGS-b-BPh, in follow-up to earlier works by our group.!?**?4
Our results confirm that direct covalent attachment of LPGS to
the surface of PA6 nanofiber is an optimum approach that does
not disrupt the filter media. This approach utilizes a UV-active
benzophenone moiety to simultaneously graft LPGS-b-BPh onto
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the surface of PA6 nanofiber. The use of benzophenone as a
grafting group is well-suited for modifying fabric substrates,
which are typically made from inert polyolefins such as PP or
PAG, as their ability to abstract hydrogen atoms from a donor
is activated by UV light,[®] avoiding excessive damage to the
filtration media. The successful coating of the LPGS-b-BPh on
the surface of PA6 nanofiber was characterized using contact
angle, scanning electron microscope (SEM), X-ray photoelectron
spectroscopy (XPS) and positively charged dye (methylene blue)
absorption assays. Furthermore, the particle filtration efficiency
(FE) of the uncoated PA6 and LPGS-coated PAG filter materials
was measured, 95% and 94% for feline coronavirus (FCoV),
98% and 86% for equine herpesvirus 1 (EHV-1), respectively.
Moreover, SARS-CoV-2 absorption assay in solution shows the
highest virus-removal for LPGS-coated PA6 as compared with
uncoated PAG filter materials. Our findings suggest that the
use of LPGS-coated PAG filter materials in the structure of face
masks might help in blocking viral transmission, reinforcing
the importance of face masks as a preventive measure against
respiratory infectious diseases.

2. Results and Discussion

2.1. Synthesis of Polymers

Linear polyglycerol with an amine functional group (LPGS-
b-NH,) (Figure 1A) was synthesized in 200 g scale in the
glass reactor according to methods published earlier by
our group.?*?l Subsequently, the synthesized polymer
was purified by tangential flow filtration (TFF) method
with 5 kDa membrane cutoff size. Characterization of
LPGS-b-NH, by 'H and C nuclear magnetic resonance
(NMR) spectroscopy (Figures S1-S3, Supporting Information)
showed that the ratio between the signals originating from
the LPGS-block and covalently linked cysteamine block was as
expected for a block copolymer with 155 glycerol and 5 -NH,
units. Gel permeation chromatography (GPC), using water as
mobile phase, (Figure S4, Supporting Information) showed
20 KDa molecular weight for LPGS-b-NH,. Elemental analysis
showed the expected C—, H-, N—, and S— elemental-content and
the presence of 87% terminal sulfate groups in the structure of
LPGS-b-NH,. Additionally, LPGS-b-BPh (Figure 1B) was synthe-
sized according to work previously published by our group.!’]
Briefly, benzophenone-carboxylic acid reacted with LPGS-b-NH,
in the presence of N-hydroxysuccinimide (NHS) and 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimid-hydrochlorid (EDC-HCI).
The reaction was stirred for 24 h under light exclusion. Details
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are given in the experimental section. Characterization of LPGS-
b-BPh by 'H nuclear magnetic resonance (NMR) spectroscopy
(Figure S5, Supporting Information) showed that benzophenone
groups successfully attached to the LPGS-block.

2.2. Fabrication of Nonwoven PAG6 Filter Material

For production of the PAG6 filter material, a spunbond material
was covered with PA6 nanofibers in an electrospinning process.
For stable PA6 nanofiber production an electrospinning process
with a 24 wt. % PAG6 spinning solution (in formic acid) was inves-
tigated to define suitable process parameters. (Details can be seen
in the experimental section.) Fiber morphology was investigated
using SEM images (Figure S6A-F, Supporting Information).

The voltage difference between emitter and collector was var-
ied between 40 and 55 kV in steps of 5 kV, and the diam-
eters of the resulting PA6 nonwoven fibers were measured.
They ranged from 489 + 66 nm at 40 kV voltage difference to
292 + 41 nm at 55 kV voltage difference (Figure S6G, Sup-
porting Information). To quantify the influence of the spinning
time on the thickness, the spinning time was varied from 5 to
15 min in steps of 5 min. This resulted in a layer thickness
ranging from 3 + 2 ym (for 5 min spinning time) to 7 + 2 um
(for 15 min) (Figure S6H, Supporting Information). Porosime-
ter measurements showed that the mean pore size of the un-
coated spunbond material (120.4 + 42.2 um) was reduced by the
applied nanofibrous layers. The two-layered nonwoven showed a
mean pore size of 2.5 + 0.6 pm (after 31.25 min coating time)
and 1.2 + 0.3 um (after 62.5 min). Furthermore, the mean flow
pore size increased from 5.7 + 0.5 mbar to 14.6 + 1.1 mbar and
303.6 + 19.1 mbar, respectively (Figure S6I-], Supporting Infor-
mation). The described results show that the electrospinning pro-
cess can be used to produce PA6 nanofibers, to coat a PP spun-
bond and produce a two-layered filter structure. Depending on
the chosen process parameters it is possible to control the fiber
diameter as well as the layer thickness of the PA6 nanofibers,
leading to a reduced porosity compared to the plain PP spun-
bond. This reduced porosity could be beneficial for filtration of
small particles, such as microorganisms. However, there are chal-
lenges in the manufacturing process to produce homogeneous
and more stable coating of PA6 on the surface of PP spunbond
that should be considered in future research.

2.3. Functionalization of Nonwoven PA6 Nanofiber with LPGS

There are two big hurdles to achieving virus protective function
of the filtration media by wet chemical treatment: 1) the inert
nature of polyolefins, which do not have active groups for post-
modification with functional molecules; 2) generating covalent
coating of antiviral molecules on the surface of fibers without
disturbing the fabric structure, which may impact filtration ef-
ficiency and air permeability of the fabric.['>'®"] Therefore, we
investigated two coating methods for functionalization of LPGS
to the surface of nonwoven PA6 nanofiber (Figure 2A,B).

In the first approach, we applied mussel-inspired dopamine
chemistry to form an adherent layer on the surface of fibers.
Dopamine with functional catechol and amino groups can be
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self- polymerize to form a thin layer of polydopamine on a wide
range of substrates.”®] In this method, nonwoven PA6 nanofibers
were immersed in aqueous solution of dopamine for 6 hours.
Then, polydopamine-coated PA6 nanofibers (PDA-coated PA6)
were washed with distilled water and dried in the oven at 60 °C. In
the next step, PDA-coated PA6 nanofibers were immersed in an
aqueous solution of LPGS-b-NH, at 80 °C for 16 h. Then treated
samples (PDA-LPGS-coated PAG6) were washed with distilled wa-
ter and dried in the oven as before. In the second approach, to
explore a simpler method that can be applied on a large scale,
we covalently functionalized LPGS-b-BPh to the fiber surfaces by
immersing nonwoven PA6 nanofibers in aqueous solutions of
guanidinium chloride and LPGS-b-BPh. Then both sides of the
materials were exposed to 366 nm UV light irradiation to initiate
benzophenone cross-linking. Here, the ability of benzophenone
to abstract hydrogen atoms from aliphatic C—H groups and form
C—C bonds under UV irradiation resulted in the simultaneous
polymerization and grafting of LPGS onto the polyamide surface.
Coated filter materials were then washed with PBS buffer (PH
7.4) and distilled water, respectively, to remove excess material
that had not attached to the surface of PA6 nanofibers.

2.3.1. Contact Angle and SEM Observations

It was observed by contact angle that uncoated PA6 nanofibers
are hydrophobic and did not absorb water droplet. But these ma-
terials became hydrophilic after LPGS coating with both meth-
ods (Figure 2C-E). The effect of LPGS coating on nonwoven
PAG nanofibers was visualized by scanning electron microscopy
(SEM) images. SEM images of the uncoated PA6 nanofibers are
shown in Figure 2F,I. The SEM images of PDA-LPGS-coated PA6
nanofibers show significant changes in the morphology of the
nanofibers, and micrometer-sized aggregates can be observed on
the surface of the fibers (Figure 2G,]). This may affect the perfor-
mance of the filter media and decrease its efficiency due to dam-
age in the overall filter network. However, the SEM images of the
nonwoven LPGS-coated PA6 nanofibers do not show any sign of
morphological change after the coating process (Figure 3H,K).
In fact, no significant difference in filtration efficiency is expected
for LPGS-coated PAG nanofibers. Therefore, the second approach
to generating LPGS-coated PA6 nanofibers proved more inter-
esting in this study’s further experiments, due to its fast and
straightforward processing method.

2.3.2. Characterization of Functionalized PA6 Nanofibers by X-ray
Photoelectron Spectroscopy

Uncoated PA6 and LPGS-coated PA6 sample were further char-
acterized by X-ray photoelectron spectroscopy (XPS). Newly ap-
peared signals of C-O, C=0 and sulfate, which are related to the
LPGS structure, confirmed the successful attachment of LPGS
on the surface of the nonwoven PA6 nanofibers; in the case of
uncoated samples, such signals cannot be detected (Figure S7,
Supporting Information).
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Figure 2. Schematic representation of the coating methods. A) Dopamine coating requiring two steps. First, the material is incubated in the dopamine
solution for the adhesion layer, then washed and dried. Subsequently, the samples are incubated with LPGS-b-NH,. B) The coating procedure for LPGS-
b-BPh takes 30 min, in which the samples are incubated in LPGS-b-BPh solution with guanidinium chloride, followed by UV irradiation. C) Contact angle
picture of uncoated PA6 sample shows water droplet repulsion resulting from its hydrophobic property. D,E) Contact angle pictures for PDA-LPGS- and
LPGS-coated PA6 samples, respectively. The coated samples become hydrophilic and soak up water droplets. SEM images with different magnifications
F,1) of nonwoven PA6 sample and G,J) PDA-LPGS-coated PA6. The adhesion layer is visible as micrometre-sized aggregates. H,K) LPGS-coated PA6; the

thin coating of LPGS is not visible in the SEM images.

2.3.3. Dye Absorption Assay

LPGS-coated PA6 samples are expected to have a high negative
surface charge, which is more anionic compared to uncoated
samples. To confirm this property, uncoated PA6 and LPGS-
coated PA6 nanofibers were incubated for 30 min in an aque-
ous solution of methylene blue dye (Figure 3A,B), then washed
with distilled water (Figure 3C). Figure 3C demonstrates that the
LPGS-coated PA6 sample shows a distinct blue color compared
to the uncoated PA6 sample in the same condition. This is con-
firmed by electrostatic interactions between the cationic methy-
lene blue dye and the anionic sulfate groups of LPGS-coated PA6
nanofibers, which suggests the presence of the LPGS coating
on the surface of the PA6 nanofibers after treatment. Figure 3D
shows a schematic representation of electrostatic interactions be-
tween methylene blue dye and the sulfate groups of LPGS. The
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concentration of methylene blue dye before and after incuba-
tion with uncoated PA6 and LPGS-coated PA6 samples was mea-
sured by UV-Vis spectroscopy. The difference was used to deter-
mine the amount of the dye that has been absorbed to the PA6
nanofibers surface (Figure 3E). Furthermore, the obtained values
were normalized to the mass of the respective samples.

The chemical stability of the coating has been further eval-
uated by the dye absorption method. The uncoated PA6 and
LPGS-coated PA6 samples were immersed in distilled water for
10 min and dried at room temperature (Figure S8A, Supporting
Information). This step was repeated for six times and treated
samples were further incubated in methylene blue dye solution
for 30 min (Figure S8B, Supporting Information) and then
washed with distilled water (Figure S8C, Supporting Infor-
mation). The amount of the dye that has been absorbed was
measured by UV spectroscopy with above mentioned method.
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Figure 3. Absorption of methylene blue dye by uncoated PA6 and LPGS-coated PA6 nanofibers. A) Stuck solution of methylene blue 0.1 m). B) The
samples are incubated on the dye solution for 30 min. C) The color of samples turn blue, but for LPGS-coated PA6 the blue color is distinct, and washing
of these samples with distilled water do not remove the dye from the samples’ surfaces. D) Schematic representation of the electrostatic interactions.

E) Quantitative analysis of dye absorbed by samples.

Figure S8D (Supporting Information) shows absorption of dye
was not changed after repeated washing step. This is further
confirmed by covalently and stable coating of LPGS.

2.4. Filtration Efficiency Assay with Bioaerosols

To characterize the physical viral filtration efficiency (FE) of
uncoated PA6, LPGS-coated PA6 and PDA-LPGS-coated PAG
nanofibers against airborne FCoV and EHV-1, we used an ex-
perimental setup that was previously applied successfully.” The
data regarding FCoV are shown in Figure 4A. We investigated the
uncoated PA6 and the LPGS-coated PAG filter materials in both
single layer (SL) and double layer (DL). Commercial face masks,
such as surgical or FFP2 masks are constructed with at least two
layers.[1% Therefore, in addition to SL filter materials, we sought
to investigate the effects on viral FE when using the PAG filter
materials in DL. The uncoated PAG6 filter materials used in SL
showed a mean viral FE of 95% (range: 87-99%) against airborne
FCoV. In DL we observed a mean viral FE of 92% (range: 84-97%)
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for the uncoated PA6 materials. The LPGS-coated PA6 materials
achieved a mean viral FE of 94% (range: 89-96%) when used in
SL. As DL its mean viral FE was 88% (range: 70-99%).

In DL the LPGS-coated fabric showed a higher variation in
comparison to the LPGS-coated SL. This is not recommended.
Therefore, we only tested if there was a significant difference be-
tween the LPGS-coated PAG6 in SL and the uncoated PAG in SL.
We defined an acceptable equivalence margin (M) to 4% which
means the 95% confidence interval (CI) has to lie within the in-
terval —4 to +4. As a result, there was no significant difference
between the uncoated and LPGS-coated PA6 samples when used
in SL (CI [-1.95,3.55]), indicating that the coating process does
not disrupt the PA6 nanofiber structure in this experiment- a
result confirmed by the SEM images. Since the viral FE of the
nonwoven PAG materials were not increased by using them in
DL, they could be used in SL to enhance breathability. The PDA-
LPGS-coated sample was only tested in SL. As you can see from
the boxplot in Figure 4A, the PDA-LPGS-coated fabric had a sig-
nificantly lower viral FE of 26% (range: 0—47%) in comparison to
all other textiles. Therefore, it is not relevant in practice and does
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Figure 4. Viral filtration efficiency of different tested uncoated and coated PA6 nanofibers against airborne FCoV A) and airborne EHV-1 B). Experiments
with FCoV were repeated five times each, with EHV-1 four times. The bold lines indicate the median and the whiskers indicate min to max values. SL =

single layer, DL = double layer.

not require further statistical testing. The ultrathin LPGS coating
did not change physical entrapment of viral particles. As we have
already seen macroscopically changes confirmed by the SEM im-
ages, the PDA-LPGS-coated PA6 nanofibers structures seem to
have been damaged by the coating process due to the long expo-
sure time to various solutions used in the coating. This resulted
in a significant loss of viral FE compared to the uncoated PA6
samples (69%,). Figure 4B presents the data on viral FE against
EHV-1. Here, we investigated the filter materials in SL only af-
ter consideration of the results on FCoV. PDA-LPGS-coated sam-
ples were excluded due to their unsatisfactory results for FCoV.
For the uncoated PA6 samples, we observed a mean viral FE of
98% (range: 97-99%) against EHV-1. The LPGS-coated samples
achieved a lower viral FE of 86% (range: 70-96%;). The variations
we saw between the individual samples of one group may result
from challenges in the electrospinning manufacturing process
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for the PAG6 nanofibers. Therefore, this challenge further in com-
bination with LPGS coating process should be more standardized
in the future works.

Possible inconsistencies in the diameter of the nanofibers or
nanobeads could cause slight differences in texture and thus, in
the viral FE of the fabrics.[??] In general, face masks are subjected
to a series of tests. With regards to their filtration efficiency, a dis-
tinction is made between particulate filtration and bioaerosol fil-
tration (viral FE). The NaCl method, measuring particles in a size
range of 10 nm to 10 um, is a standard testing method for eval-
uating the particulate FE of respirators. Using this test method
the particulate FE of FFP2 masks should be at least 95%.3
Due to very high humidity in our test chamber, particle counting
with a laser-based particle counter was not possible, so we only
examined the viral FE. However, the ultrasonic nebulizer used
here generates particles with an initial size of 13 um. Previous
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Figure 5. Removal of SARS-CoV-2 after one-hour incubation with un-
coated PA6 and LPGS-coated PA6 nanofiber materials. Samples were in-
cubated with SARS-CoV-2 suspension and the virus titres were measured
using plaque assay. The experiment was repeated three times.

particle measurements at 30% relative humidity have shown that
80.5% of all particles were in a respirable size range, namely
<5 pm.P Although the NaCl method does not measure vi-
ral FE, this 95% could be an acceptable reference value, as
viruses in aerosols are always bound to particles of different size
ranges.*>31) N95 and FFP2 masks provide high particulate FE for
crystalline particles while showing low breathability over time.[?]
Therefore, high FE — especially for airborne virus particles — and
sufficient air permeability are particular challenges for air filter
materials. The tested materials represent an alternative approach.
They achieved similarly high viral FEs, and since they were just
as effective in SL, they may also offer better breathability. How-
ever, as with any type of mask, the exact fit of the mask influences
its real-world efficiency.*}! Indeed, in our experimental setup, we
used flat samples, which can be considered to have an ideal fit-
ting.

2.5. Removal of SARS-CoV-2 in Suspension

We then tested if the uncoated PA6 and LPGS-coated PAG
nanofibers could remove SARS-CoV-2 in suspension. Herein,
samples were incubated with SARS-CoV-2 suspensions for
1 h (SARS-CoV2M; BetaCoV/Germany/BavPat1/2020) and then
virus in the supernatant was titrated by plaque assays.[22234] The
results are shown in Figure 5. Clearly, the LPGS-coated PA6
nanofibers showed strong binding and absorption toward SARS-
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CoV-2 after one-hour of contact, with up to 71% viral removal
compared with blank control. The mechanism of action could be
the electrostatic interaction of negatively charged sulfate groups
of LPGS with the positively charged moiety of viral spike protein,
leading to virus binding and removing virus from solution; the
same effect has been shown by methylene blue dye.[22+3] We also
noticed that the uncoated PA6 nanofibers did not bind to viruses
in the solution due to nonspecific interactions and no binding
sites between SARS-CoV-2 and uncoated PA6 nanofibers. There-
fore, modifying mask filter materials increase specific interac-
tions of viruses within contact surfaces and reduces the trans-
mission of infectious viruses.

3. Conclusion

To create virus protective coating on the surface of nonwoven
PAG nanofibers, negatively charged linear polyglycerol sulfates
(LPGS) with amine and benzophenone moieties LPGS-b-NH,
and LPGS-b-BPh were synthesized in 200 and 100 g scale, re-
spectively. The successful coating was characterized by contact
angle, XPS, SEM and dye absorption assay. The uncoated PA6
and LPGS-coated PA6 materials were tested for viral filtration ef-
ficiency against airborne FCoV and EHV-1 viruses. As it is ex-
pected from the SEM images, the ultrathin layer of LPGS-b-BPh
coating did not significantly changes the physical entrapment of
virus particles in filtration efficiency test in comparison to un-
coated material. Then, the virus removal assay was performed
for uncoated PA6 and LPGS-coated PAG filter materials, against
SARS-CoV-2 suspension. We showed that the treated nanofibers
displayed efficient virus removal behavior against SARS-CoV-2
after 1 h of incubation, with up to 71% viral removal, while such
a strong effect was not shown for uncoated PAG6 filter materials.
The results show that this coating is a promising approach to treat
nanofibers to improve the antiviral effect of masks and other tex-
tiles in the future.

4. Experimental Section

Materials:  All chemicals and solvents obtained from Sigma-Aldrich
(St. Louis, MO, USA) without further purification unless it was stated. Allyl
glycidyl ether (AGE) stored over molecular sieves and before use was puri-
fied by stirring over CaH2, distillation in vacuum. Ethoxyethyl glycidyl ether
(EEGE) was synthesized from 2,3-epoxypropan-1-ol (glycidol) and ethyl
vinyl ether according to the literature.[36] Dopamine hydrochloride, MOPS,
2-morpholin-4-ylethanesulfonic acid (MES buffer) and PBS buffers, were
obtained from Sigma—Aldrich (St. Louis, MO, USA).

Synthesis of LPGS-b-NH2:  LPGS-b-NH, was synthesized according to
our previously published works!2426-271 in 200 g scale using the glass re-
actor. Briefly, a linear block copolymer of acetal-protected glycidol (EEGE)
(192 mL, 1.234 mol) and allyl glycidyl ether (AGE) (17 mL, 0.144 mol) was
synthesized via anionic ring-opening polymerization. After acetal depro-
tection under acidic condition and subsequently sulfating the synthesized
polymer (LPGS), to obtain the amine groups on the structure of LPGS, the
allyl groups were coupled with cysteamine via thiolene reaction. Descrip-
tions of the synthetic procedures are given in the Supporting Information.

Synthesis of LPGS-b-BPh: LPGS-b-NH, block copolymer (70 g,
contains 12.5 mmol of amines) was dissolved in 500 mL 2-morpholin-4-
ylethanesulfonic acid (MES buffer, pH 4.8). Benzophenone-carboxylic acid
(100 mmol, 8 equivalents) was dissolved in 500 mL methanol and added
to the reaction. The pH of the solution adjusted to six by adding dropwise
NaOH (Tm). Then, N-Hydroxysuccinimide (NHS) (90 mmol, 7 equiva-
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lents) and 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimid-hydrochlorid
(EDC-HCI), (180 mmol, 15 equivalents). The reaction was stirred under
light exclusion for 24 h. Purification was done first in water/methanol
mixture (4:1) in TFF with flow rate of 100 mL min~" also under light
exclusion for 48 h. The last step water/methanol mixture (4:1) changed
to water for more 8 h (Figure S9, Supporting Information).

Fabrication of Nonwoven PAG Filter Material: In the following exper-
iments polypropylene (PP) spunbond nonwovens (Hagulan, Schneider
Technologies GmbH + Co. KG) were used as a substrate. They were coated
by electrospinning PA6 fibers onto the surface of the substrate to create a
two-layer structure. The PA6 (Sigma—Aldrich (St. Louis, MO, USA) fibers
(24 wt.% in formic acid (CH,0O,, Carl Roth GmbH & Co. KG)) were pro-
duced in an electrospinning process at 30 °C, 30 % relative humidity, a
nozzle-collector-distance of 20 cm and a flow rate of 0.25 ml h~". The total
voltage between the emitting nozzle and the collector varied between 40 —
55 kV. All experiments were performed using a Fluidnatek LE-500 (Bioinicia
SL., Valencia, Spain). To determine the layer thickness, aluminum foil was
fixed on a cylindrical collector (@ = 3.2 cm) and coated with PA6 nanofibers
for 5, 10, and 15 min at the same process parameters as described above.
The layer thickness was then measured using a thickness gauge (F1101-30,
Kafer Messuhrenfabrik, GmbH & Co. KG, Villingen-Schwenningen, Ger-
many). For the coating process, the spunbond material was fixed on a cylin-
drical collector (¢ = 20 cm) and rotated at 100 rpm. By applying a voltage
difference between the nozzle and the collector, PA6 nanofibers were de-
posited on the spunbond surface. To achieve comparable layer thicknesses
as generated using the 3.2 cm collector, the coating time was calculated
to 31.25 and 62.5 min. The morphology of the fibers was then analyzed
using SEM imaging. To measure the mean pore size of the samples, a
porosimeter (PSM 165, Topas GmbH, Dresden, Germany) was used.

Coating Procedures—Coating Procedure with LPGS-b-NH,: PA6 sam-
ples with dimension of 17,8 cm x 16 cm was placed in a fresh solution of
dopamine hydrochloride (30 mL, 2 mg mL™") in MOPS buffer (0.1m, pH
7.5) and were incubated under constant shaking for 6 h. The fibers were
then washed thoroughly with distilled water and dried at 60 °C for 3 h.
Dopamine coated PA6 samples were placed in a solution of LPGS-b-NH2
(20 mL, 1 mg mL™") in MOPS buffer (0.1m, pH 8.5). The mixture was
heated to 80 °C for 16 h. Subsequently, the fibers were washed thoroughly
with water and dried at 60 °C.

Coating Procedure with LPGS-b-BPh:  For surface modification of PA6
fibers by LPGS-b-BPh, PA6 fibers were cut into pieces of 17,8 cm x 16 cm.
The samples were soaked in ethanol and distilled water respectively for
5 min. Immediately, they were incubated in an aqueous solution of guani-
dinium chloride (25 mL, Tm) for 5 min. Afterward, aqueous solution of
LPGS-b-BPh (2 mL, 2 mg mL™") was added on the surface of fibers and
incubated further 5 min. The treated PA6 samples with LPGS-b-BPh were
irradiated with UV light for 5 min on each side in dark. The samples were
washed thoroughly with PBS buffer 7.4 and with water and then dried at
60 °C for 16 h.

Experimental Setup for the Aerosol Experiments:  The filtration efficiency
of non-woven PA6, LPGS-coated PA6 and PDA-LPGS-coated filter materi-
als was tested against aerosolized FCoV and EHV-1. In a previous work
by Siller and colleagues, a miniaturized aerosol chamber with a volume
of 80 liters was described, in which the aerosol experiments were carried
out.3b] |n brief, the aerosol chamber was divided into two equal compart-
ments by a wall with a cutout of 50 cm?. The fabric was fixed in this cut-
out. The viral aerosol was generated by an ultrasonic nebulizer (Sono-Tek,
Milton, NY, USA) and directed into the first compartment of the cham-
ber. It was then passed through the fabric from the first to the second
compartment by a pressure gradient generated by an all-glass impinger
30 (AGI-30, Neubert Glas GbR, Geschwenda, Germany, VDI Norm 4252—
3) at a flow rate of 12.5 | min~'. After a flooding time of 7 min, air samples
were taken for 15 min from both compartments in parallel using two AGI-
30 at a flow rate of 12.5 | min~!. Therefore, all AGI-30 were connected to
vacuum pumps (Leybold S4B, Leybold, Cologne, Germany and Edwards
RV3, Edwards, Feldkirchen, Germany) for generating the appropriate air
flow. They were filled with 30 ml of Dulbecco’s Modified Eagle Medium
(DMEM High Glucose, Biowest, Nuaillé, France) supplemented with 1%
fetal bovine serum (FBS, PAN Biotech, Aidenbach, Germany), 1% of a mix-
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ture of 10,000 U mL~" Penicillin and 10,000 uyg mL~" Streptomycin (P/S,
Biochrom AG, Berlin, Germany) and 50 pl autoclaved linseed oil. After
sampling, the air samples were filtered with 0.22 pm filters (Roth, Karl-
sruhe, Germany) and stored at —80 °C until titration. To determine the
viral FE of the fabrics, the concentrations of infectious viruses per m? of
air from the air samples of the first and second compartment were calcu-
lated using an endpoint dilution assay and the ratio between the concen-
trations was determined. In the trials with FCoV, the uncoated PA6 and
LPGS-coated PA6 fabrics were tested five times each in single layer (SL)
and double layer (DL). In the trials with EHV-1, they were tested four times
in SL. The PDA-LPGS-coated fabric was only tested for FCoV and only in
SL five times.

Preparation of Virus Stocks:  The FCoV strain that it used as a surrogate
for SARS-CoV-2 was provided by the Friedrich Loeffler Institute (FLI, Isle
of Riems, Germany; viral registration number RVB-1259). It was grown in
Crandell-Rees Feline Kidney (CRFK) cells (ATTC CCL-94). Furthermore, it
used EHV-1 as a surrogate for herpes simplex virus. EHV-1 was grown
in Rabbit Kidney (RK-13) cells. They were kindly provided by the Institute
of Virology, department of veterinary medicine, Freie Universitaet Berlin.
The virus stocks were propagated according to our previously published
work.[5*] DMEM supplemented with 10% FBS and 1% P/S was used as cell
culture media. For the quantification of the virus titers, it used endpoint
dilution assays. They were performed in 96-well plates with confluent host
cells. After an incubating time of three to five days at 37 °C and a 5% CO,
atmosphere it looked for cythopathic effects (CPE). Viral titers were then
calculated according to the Spearman-Karber method![?’] and expressed
as tissue culture infectious dose 50 (TCIDs). For the aerosol experiments,
the initial FCoV concentration was adjusted to approximately 10522° and
the EHV-1 concentration to 1057 TCIDgy/mL.

Statistical Analysis: The data were analyzed using an equivalence trial.
As you can see from the boxplot in Figure 4, the PDA-LPGS-coated fabric
had a significantly lower FE and did not require testing. In DL the fabrics
showed a higher variation, which results in a lower reliability of the equiv-
alence trial. Therefore, it only tested if there was a significant difference
between the LPGS-coated PA6 in SL and the uncoated PA6 in SL. The ac-
ceptable equivalence margin (M) was set to 4%. They were considered
equivalent if the 95% confidence interval (Cl) lies within the interval —4
to +4. Graphpad Prism 8 (GraphPad Software, San Diego, CA, USA) was
used for creating Figure 4.

Virus Removal Experiment of SARS-CoV-2: SARS-CoV-2 Miinchen
(SARS-CoV2M; BetaCoV/Germany/BavPat1/2020) was propagated on
Vero E6 cells and quantified by plaque assay according to literature.[22]
The samples were immersed in SARS-CoV-2 suspensions for 1 h at r.t.
and then the virus in the suspension was titrated on Vero E6 cells. The ex-
periments were performed in a BSL3 laboratory at the Institut fiir Virology,
Freie Universitat Berlin.

Instruments—Scanning Electron Microscopy (SEM): Nonwoven PA6
samples with and without LPGS functionalization were sputtered with gold
to obtain a conductive layer of at least 5 nm thickness, using a compact
coating unit CCU-010 by Safematic GmbH (Bad Ragaz, Switzerland). Im-
ages were obtained using an SU8030 field-emission scanning electron
microscope (FE-SEM) by Hitachi (Tokyo, Japan). The accelerating volt-
age (Vac) was set to 20 kV, the current to 20 pA, and the working dis-
tance was 21.6 cm.; Contact Angle: Contact angle measurements were
performed using the contact angle goniometer OCA20 (Dataphysics In-
struments, Filderstadt, Germany). A droplet of water (2 uL) was gently
placed on the respective surface of the fibers and allowed to equilibrate
for 10 s. The shape of the droplet was recorded and evaluated using the
software SCA20 (Dataphysics Instruments, Filderstadt, Germany). Con-
tact angle values were not determined due to the uneven texture surfaces
of PA6 nonwoven fibers. X-ray photoelectron spectroscopy (XPS): XP spec-
tra were recorded on a Kratos (Manchester, UK) Axis Ultra DLD spectrom-
eter, equipped with a monochromatic Al Ka X-ray source. The spectra were
measured in normal emission, and a source-to-sample angle of 60° was
used. All spectras were recorded utilizing the fixed analyzer transmission
(FAT) mode. The binding energy scale of the instrument was calibrated,
following a technical procedure provided by Kratos Analytical Ltd (calibra-
tion was performed according to ISO 15472) The spectra were recorded
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utilizing the instrument’s slot and hybrid lens modes. An analysis area of
~300 um x 700 um was investigated; charge neutralization was applied.
For quantification, the survey spectra were measured with a pass energy
of 80 electron volt (eV), and the spectra were quantified utilizing the em-
pirical sensitivity factors that were provided by KRATOS (the sensitivity
factors were corrected with the transmission function of the spectrome-
ter). The high-resolution XPS spectra were measured with a pass energy
of 20 eV, and the respective data were processed using UNIFIT 2019 spec-
trum processing software. For fitting, a Shirley background and a Gaus-
sian/Lorentzian sum function (peak shape model GL (30)) were used. If
not denoted otherwise, the L-G mixing component was set to 0.35 for all
peaks. In case of the Cls spectra, peak fitting was performed in such a
manner that all residual structures were removed, and all binding energies
were calibrated to the signal observed for the aliphatic C—C bond compo-
nent (observed at 284.8 eV).; Ultraviolet (UV): UV light irradiation dur-
ing the coating procedure was done at 366 nm using a Camag laboratory
UV lamp (Muttenz, Switzerland) at a constant distance with a power of
2.3 uW cm~2. Gel permeation chromatography (GPC): GPC measurement
was performed in water using an Agilent 1100 (Agilent Technologies). The
instrument equipped inside with a degasser, a pump, a UV detector and
a RI detector. For sample separation, 50 uL of solution with a concentra-
tion of 6 mg mL™', was injected through a precolumn and three columns
with a particle size of 10 um were used at room temperature. The calibra-
tion standard was Pullulan and the solvent water with 0.1 M NaNO3. Tan-
gential flow filtration (TFF): Purification of the synthesized materials were
performrd using TFF method in water or water/methanol mixture, which
it is equipped with Quattroflow 150S Quaternary pump (PSG Germany
GmbH). The pump is a four-piston diaphragm pump. The four segments
of the pump diaphragm oscillate back and forth. The sample flowed verti-
cally through a tube onto a membrane with 2000 MWCO with flow rate of
100 mL min~', allowing small molecules to pass through the membrane
and be separated and washed into waste. The purified sample was retured
into the sampel flask again and was continuously purified and recycled.
This movement was created by a connector to the pump. Also a constant
volume of washing solution were added into the sample flask. Figure S5
(Supporting Information) shows the technical operation of the TFF purifi-
cation.
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