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Enhanced and copper concentration dependent
virucidal effect against SARS-CoV-2 of electrospun
poly(vinylidene difluoride) filter materials

Hanna Bulgarin,” Thomas Thomberg,’’* Andres Lust,” Jaak Nerut," Miriam Koppel,’ Tavo Romann,’
Rasmus Palm,’-®> Martin Mansson,> Marko Vana,* Heikki Junninen,* Marian Kilaviir,® Pdarn Paiste,”
Kalle Kirsim&e,> Marite Punapart,® Liane Viru,® Andres Merits,® and Enn Lust’

SUMMARY

Virucidal filter materials were prepared by electrospinning a solution of 28 wt % poly(vinylidene difluor-
ide) in N,N-dimethylacetamide without and with the addition of 0.25 wt %, 0.75 wt %, 2.0 wt %, or 3.5
wt % Cu(NO3), - 2.5H,0 as virucidal agent. The fabricated materials had a uniform and defect free fibrous
structure and even distribution of copper nanoclusters. X-ray diffraction analysis showed that during the
electrospinning process, Cu(NO3), - 2.5H,0 changed into Cu(NO3)(OH)s. Electrospun filter materials ob-
tained by electrospinning were essentially macroporous. Smaller pores of copper nanoclusters containing
materials resulted in higher particle filtration than those without copper nanoclusters. Electrospun filter
material fabricated with the addition of 2.0 wt % and 3.5 wt % of Cu(NO3), - 2.5H,0 in a spinning solution
showed significant virucidal activity, and there was 2.5 + 0.35 and 3.2 + 0.30 logarithmic reduction in the
concentration of infectious SARS-CoV-2 within 12 h, respectively. The electrospun filter materials were
stable as they retained virucidal activity for three months.

INTRODUCTION

The SARS-CoV-2 spreads between people through respiratory droplets with a diameter of less than 10 pm and by direct contact.'™ It has
been shown that wearing masks can significantly reduce the spread of the virus as it limits the distribution of virus containing particles in
the room.”® Masks are usually multilayered; each layer has its function (virucidal layer, fluid barrier, particulate filtration layer, etc),” "% and
different technological solutions are used to prepare them.'””'® Since disposable face masks have a limited usage time, the spread of respi-
ratory viruses causes a severe impact on the environment due to the accumulation of disposable face masks, i.e., in 2020, about 129 billion face
masks were consumed monthly worldwide.'*?° Therefore, the development of filter materials for indoor filtration systems with different
porosity characteristics (specific surface area, various pore size distribution, pore volume, etc.), good filtration efficiency, and virucidal prop-
erties have great potential to limit the spread of the virus in rooms and the impact of used masks on the environment.”’ %’ Electrospinning is a
versatile method for the production of various filter materials as its process parameters (potential applied, distance between electrodes,
solution feed rate, etc.), solution properties (polymer and solvent used, polymer solution concentration and viscosity, etc.), and environment
conditions (room temperature and relative humidity) allow to produce materials with different filtering and pore size distribution character-
istics.””~* It has been shown that variation of different electrospinning process parameters enables the production of materials with various
pore sizes (from 0.5 to 500 pm), specific surface areas (up to 50 m? 9_1), micro-, meso-, and macropore volumes, total pore volumes, and po-
rosities (up to 50%).>' % Recent research has shown that nanofiber materials activated with metal (Zn, Ti, Ag, Cu) nanoclusters and compounds

1370 and virucidal properties; inactivation of various viruses, including poliovirus, HIV-1, coronavirus SARS-CoV-2, and influ-

have bactericida
enza A virus has been demonstrated.'%?>?”1->3 Several authors have discussed virucidal properties of different metal nanoclusters and ions.
The role of silver nanoparticles as the anti-SARS-CoV-2 material has been recently discussed by Arjun et al.>* and the similar properties of
copper-based materials have been discussed by Govind et al.” different theories about the mechanisms of said effects have been proposed.
For example, it has been theorized that silver nanoparticles interact with biological structures of virions and thus alter their normal functioning

while the silver ions are expected to form complexes with electron donor groups of virion molecules.”® Copper is known to damage virion
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Figure 1. Characterization of materials morphology

(A-E) SEM images and (F-J) fiber diameter distribution plots of electrospun filter materials fabricated using a solution of (A and F) 28 wt % PVDF + DMA at
voltage 9 kV and with the addition of x wt % Cu(NOs3), - 2.5H,0 at voltage 17 kV (B and G) 0.25 wt %, (C and H) 0.75 wt %, (D and |) 2.0 wt % or (E and J) 3.5
wt %. Scale bars of SEM images (A-E) are shown in the figures.

DNA or RNA. It also interferes with the biological functions of the virion envelope and proteins forming the capsid. Copper is also known to
induce the production of reactive oxygen species that can cause the inactivation of virions.*® Besides virucidal effect the amount of the metal
or metal compounds in the material and its influence on the virucidal properties and material stability are significant as well as influencing the
adoption of these materials for commercial application.

The aim of this study was to prepare fibrous virucidal filter materials by electrospinning method from the solution of poly(vinylidene
difluoride) (PVDF) with the addition of 0.25 wt %, 0.75 wt %, 2.0 wt %, or 3.5 wt % Cu(NO3), - 2.5H,0. The effect of the preparation parameters
on the resulting materials physical characteristics was studied using scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDS), X-ray diffraction (XRD), thermogravimetric analysis (TGA), microwave plasma atomic emission spectroscopy (MP-AES), nitrogen
sorption analysis, mercury intrusion porosimetry, and contact angle measurement methods. In order to study the materials filtering proper-
ties, the filtering efficiencies were tested against particles of 100, 300, and 3000 nm, and the breathability was established based on pressure
drop experiments. Virucidal properties were tested against the SARS-CoV-2 alpha variant, determining the loss of infectivity of the virus in
contact with prepared materials; the infectivity of treated samples and controls was analyzed in cell culture using tissue culture infectious
dose 50 (TCIDsg) assay.

RESULTS

Physical characterization of electrospun filter materials

SEM analysis was used to characterize the fibrous structure of the electrospun filter materials. All materials containing copper nanoclusters
exhibited a uniform and defect-free fibrous structure. The material electrospun from the polymer solution without the addition of copper
nanoclusters had a fibrous structure with notable defects (beads) (Figures 1A-1E). The fiber size distribution of the material without the addi-
tion of copper nanoclusters was also wider (Figures 1F-1J). Increasing the copper salt concentration in the spinning solution did not signif-
icantly affect the fibrous structure of the materials. However, the average fiber diameter increased with Cu(NQOs); - 2.5H,0 concentration in
the spinning solution (Figures 1G-1J; Table 1).

The elemental analysis of the electrospun filter materials was performed with SEM-EDS and MP-AES. The peaks in the SEM-EDS spectra
(Figure 2A) originate from the used polymer PVDF (C—carbon and F—fluorine) and the copper salt (Cu) as well as from aluminum foil (Al)
that was used for collecting deposited electrospun filter material. All mentioned elements are evenly distributed in filter materials as exempli-
fied by SEM-EDS maps measured from filter materials electrospun using a solution of 28 wt % PVDF + DMA with the addition of 2.0 wt %
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Table 1. Electrospun filter materials preparation parameters and average fiber diameter d,, with a standard deviation

Solution Voltage (kV) day (nm)
28 wt % PVDF + DMA 9 490 + 350
28 wt % PVDF + DMA +0.25 wt % Cu(NOs3), - 2.5H,0 17 420 + 80
28 wt % PVDF + DMA +0.75 wt % Cu(NOs3), - 2.5H,0 17 470 £+ 120
28 wt % PVDF + DMA +2.0 wt % Cu(NO3), - 2.5H,0 17 500 + 100
28 wt % PVDF + DMA +3.5 wt % Cu(NO3), - 2.5H,0 17 520 + 90

Cu(NOs3), - 2.5H,0 (Figures 2B-2D). The copper content in the filter materials was determined with SEM-EDS and MP-AES methods (Table 2).
The detected copper concentration was very close to the theoretically calculated Cu content. The theoretical Cu content was calculated
assuming the complete evaporation of solvent during the electrospinning process and that only salt and polymer remain in the final material.

The crystal structure of the electrospun filter materials was investigated by the XRD method (Figure 3). It revealed that in the case of ma-
terials prepared without the addition of Cu(NO3), - 2.5H,0 in the spinning solution, PYDF was mainly in the gamma form (y-PVDF, monoclinic
structure). In contrast, materials containing copper nanoclusters formed the beta form of PVDF (B-PVDF, orthorhombic structure). The analysis
also revealed that in the materials with copper nanoclusters addition, the copper was not present in the form of Cu(NOs), - 2.5H,0, but as
"basic copper nitrate” Cux(NO3)(OH)s, i.e., rouaite.

The thermal stability of electrospun filter materials was investigated by the TGA method. In the inert gas (nitrogen) and synthetic air (20
vol % O, and 80 vol % N,) atmosphere, the main decomposition of all filter materials took place at ~460°C (Figure 4). In the case of materials
containing the copper nanoclusters, two small peaks at ~190°C and ~240°C appear in both gas atmospheres. The residual mass for the ma-
terial prepared using 28 wt % PVDF + DMA +3.5 wt % Cu(NO3); - 2.5H,0 spinning solution was ~4.2 wt %. The residual mass was substantially
higher ~22 wt % for the material prepared without copper salt addition (Figure 4B).

The contact angle values of high purity water on the filter materials were measured to analyze the hydrophilic or hydrophobic properties of
the electrospun filter materials (Figure 5). Three repetitive measurements were conducted, but there was no big deviation (4 1%) of contact

o
o
=
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i

Figure 2. Characterization of materials elemental content and distribution

(A) SEM-EDS spectra and (B-D) SEM-EDS elemental mapping of (B) copper (Cu, light blue), (C) carbon (C, violet) and (D) fluorine (F, pink) of electrospun filter
materials fabricated using a solution of 28 wt % PVDF + DMA with the addition of 2.0 wt % Cu(NO3), - 2.5H,0 at voltage 17 kV. Scale bars of SEM-EDS elemental
mapping images (B-D) are shown in the figures.
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Table 2. The concentration of copper in electrospun filter materials established by scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDS) and microwave plasma atomic emission spectroscopy (MP-AES) methods compared to theoretical values

Solution Theoretical (wt %) SEM-EDS (wt %) MP-AES (wt %)
28 wt % PVDF + DMA +0.25 wt % Cu(NO3), - 2.5H,0 0.242 0.22 £+ 0.04 0.242 + 0.001
28 wt % PVDF + DMA +0.75 wt % Cu(NO3), - 2.5H,0 0.713 0.61 £+ 0.08 0.695 + 0.002
28 wt % PVDF + DMA +2.0 wt % Cu(NOs3);, - 2.5H,0 1.82 1.67 £ 0.3 1.750 + 0.006
28 wt % PVDF + DMA +3.5 wt % Cu(NOs3), - 2.5H,0 3.03 4.05 + 0.06 2.916 + 0.02

angle values measured for the same electrospun filter materials under study. All electrospun filter materials were hydrophobic as all contact
angles were greater than 90°. The largest wetting angle (146°) was established for the filter material prepared without the copper salt in the
spinning solution. The addition of copper salt and the rise of its concentration from 0.25 wt %, 0.75 wt %, 2.0 wt %, to 3.5 wt % in the spinning
solution resulted in a decrease of wetting angle from 144°, 138°, 137°-135°, respectively.

Nitrogen sorption analysis and mercury porosimetry measurements were performed to study the prepared materials’ porosity (Figure 6;
Table 3). The shape of the nitrogen sorption isotherms (Figure 6A) of the electrospun materials can be approximated to isotherm type ||
according to the IUPAC classification, which describes mainly macroporous materials with little or no microporosity.”” All copper nanoclus-
ters containing materials have very similar porosities, while slightly higher porosity was observed only for the material without the addition
of copper salts in the spinning solution (Figure 6A; Table 3). The mercury intrusion curves (Figure 6B) show several regions with different
slopes, describing the gradual filling of pores of various sizes. At low Hg pressures, i.e., the larger pores D > 10 000 nm were filled first,
which does not characterize the actual porosity of the material but the voids between the sheets created during the packing of the sam-
ples. The mercury intrusion curves (Figure 6B) of electrospun filter materials containing copper nanoclusters show a second slope in the
200 < D < 5000 nm pore size region. In contrast, the material without nanoclusters has a second slope in the pore size region of 1 000 <
D < 10 000, which implies that later material contains larger pores, and this is illustrated by the pore size distribution pots (Figure 6C).
Electrospun filter material prepared without the addition of copper salt in the spinning solution shows a third slope and a peak in pore
size distribution plot in the pore size region of 10 < D < 100 nm (Figures 6B and éC) indicating the presence of even smaller pores
in this material.

Particle filtration efficiency and pressure drop values for electrospun filter materials

The analysis of the filtration efficiency of electrospun filter materials prepared with the copper salt addition in the spinning solution showed,
regardless of their thickness, a high filtration efficiency E > 95% of particles with different sizes (100, 300, and 3000 nm) (Table 4). Conversely,
the filter material without copper nanoclusters addition demonstrated high filtration efficiency (E > 99%) only for the large particles with a size

g —28wt% PVDF + DMA + 3.5wWt% Cu(NOs),
5 oo —28wt% PVDF + DMA + 2.0wt% Cu(NOs),
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)
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Figure 3. XRD patterns for electrospun filter materials fabricated using a solution of 28 wt % PVDF + DMA at voltage 9 kV and with the addition of x
wt % Cu(NO3), - 2.5H,0 (noted in the figure) at voltage 17 kV
Rouaite, 8-PVDF (beta PVDF), and y-PVDF (gamma PVDF) crystal structure reflections are given as vertical lines for comparison (noted in the figure).
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Figure 4. Characterization of materials thermal stability

Thermogravimetric analysis (weight loss—solid line, differential weight loss—dotted lines) in (A) nitrogen and (B) synthetic air (mixture of 20 vol % oxygen and 80
vol % nitrogen) for different electrospun filter materials fabricated using a solution of 28 wt % PVDF + DMA at voltage 9 kV and with the addition of x wt %
Cu(NOs3), - 2.5H,0 (noted in the figure) at voltage 17 kV.

of 3000 nm. In contrast, the filtration efficiency E for particles with a size of 100 and 300 nm was significantly dependent on the material thick-
ness. For example, the filtration efficiency for 130 um thick material for 300 nm particles was E > 99%, while for 55 pm thick material, it was E >
78%. For 100 nm particles, the filtration efficiency E was even lower and decreased from E > 95% to E > 65% when the material thickness
decreased from 130 um to 55 um.

Virucidal activity

The virucidal activity of prepared filter materials was tested against SARS-CoV-2. The virucidal activity of the materials fabricated using a
spinning solution of 28 wt % PVDF + DMA without the addition of copper salt and with 0.25 wt % or 0.75 wt % Cu(NOs), - 2.5H,0 were
very similar (Figure 7). After a contact time of 12 h the reduction of infectious virus particles Alogcwas 0.5 + 0.05 demonstrating low virucidal
activity of all three materials. In sharp contrast, electrospun filter material fabricated with 2.0 wt % or 3.5 wt % copper salt in a spinning so-
lution showed very high virucidal activity. The reduction in viral titer Alogcwas 2.5 + 0.35 and 3.2 &+ 0.30 within 12 h, respectively. In the case
of the latter material, the decrease in the concentration of infectious virus was also the fastest. For example, within 2 h of contact time, Alogc
was 1.7 £ 0.35.

Additionally, the electrospun filter material prepared using 28 wt % PVDF + DMA +2.0 wt % Cu(NOs); - 2.5H,0 spinning solution demon-
strated high stability of virucidal properties over time. The reduction in virus concentration Alogc during a contact time of 8 h was 2.80 + 0.30
when freshly prepared filter material was tested. The same filter material showed a slight decrease in virus concentration Alogc 2.50 + 0.45,
2.70 £+ 0.30, and 2.40 + 0.25 after 1, 2, and 3 months of storage, respectively, demonstrating that the virucidal activity of the material did not
change significantly, and remained very high even after 3 months.

iScience 27, 109835, June 21, 2024 5
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Figure 5. Characterization of materials wetting properties
Microscopic images demonstrating the wetting angle for different electrospun filter materials fabricated using a solution of (A) 28 wt % PVDF + DMA at voltage
9 kV and with the addition of x wt % Cu(NOs), - 2.5H,0 at voltage 17 kV (B) 0.25 wt %, (C) 0.75 wt %, (D) 2.0 wt % or (E) 3.5 wt %.

DISCUSSION

Here, we report the production of filter materials with a virucidal effect. The electrospinning method developed by our research group en-
ables to reproducibly produce materials with suitable fiber structure and diameter, as evidenced by SEM. The smoother appearance of the
fibers containing copper nanoparticles is caused by the better conductivity of the spinning solution due to the inclusion of Cu(NOs), - 2.5H,0.
The increase in the mean fiber diameter is probably related to the rise in the electrospun solution viscosity, as the added copper salt contained
crystal water, which may cause partial gelation of the PVDF solution.”® However, the change in the applied voltage did not have a notable
effect on the average fiber diameters, as discussed earlier.™®

The produced materials had uniform copper particle distribution, as evidenced by SEM-EDS. Thus, it supports the conclusion that the elec-
trospinning method is suitable for enriching filter materials with copper and other metal nanoclusters.”’** The overall copper content in the
filter materials was determined with SEM-EDS and MP-AES methods. While the theoretical values matched with the detected values quite well,
the copper content measured with SEM-EDS was higher than expected in the case of sample electrospun using a solution of 28 wt % PVDF +
DMA with the addition of 3.5 wt % Cu(NO3), - 2.5H,0. The semi-quantitative nature of the given method applied can explain this discrepancy.

The solid state form of prepared filter materials was studied with XRD. The obtained results are in good agreement with the literature,
where it has been established that PVDF exists in the beta form if it is processed together with metal nanoparticles.”’*>>"“° The
Cuz(NO3)(OH); that was detected in filter materials is a dehydration product of Cu(NOs), - 2.5H,0 that is known to form at ~ 80°C.6143
The increase in intensity of its characteristic XRD peaks at 20 ~ 12.9° and 26 ~ 25.8° was correlated with the rise of copper salt concentration
in the spinning solution. The peaks corresponding to rouaite are absent in the XRD spectra of the material prepared by drying a portion of the
solution in a fume hood and did not undergo the electrospinning process.”’ This suggests that rouaite was formed during the electrospinning
process, probably due to the strong electric field applied.

All electrospun filter materials proved to be thermally stable over a wide temperature range, thus being suitable for various filtration ap-
plications. The main decomposition of all materials tested corresponds to the decomposition of PVDF.%**° In the case of materials containing
copper nanoclusters, the two small peaks seen on thermograms measured for copper nanocluster containing materials at ~190°C and
~240°C are due to the decomposition of rouaite into CuO.?’*"“ The residual mass difference between pure PVDF filter material and
PVDF containing rouaite, as detected by TGA, is caused by the nanoparticles catalyzing the decomposition of PVDF.?”*? In the case of ma-
terial prepared from a 28 wt % PVDF + DMA +3.5 wt % Cu(NO3); - 2.5H,0 spinning solution, the residual mass is in good agreement with the
theoretical residual mass ~3.95 wt % assuming that the Cu salt is converted to CuO.

The hydrophobic or hydrophilic properties of the prepared materials are essential for capturing virus particles because viruses are often
spread using airborne droplets with a diameter of 5-10 um.® The hydrophobicity of the materials decreased with the increase of Cu salt con-
centration as nanoclusters in fibers.

Since the porosity of the electrospun filter materials is crucial for filtration efficiency, i.e., the capability to capture particles, nitrogen sorp-
%6 and mercury porosimetry measurements®’ =

tion analysis were performed. All electrospun filter materials proved to be predominantly
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Figure 6. Characterization of materials porosity

(A) Nitrogen sorption isotherms, (B) mercury intrusion curves, and (C) pore size distribution plots obtained from mercury porosimetry data of electrospun filter
materials fabricated using a solution of 28 wt % PVDF + DMA at voltage 9 kV and with the addition of x wt % Cu(NO3), - 2.5H,0 (noted in the figure) at voltage
17 kv.

macroporous, and the porosity originates from the inter-fiber voids (Figures 1A-1E). The porosity results given in Table 3 show that the specific
surface area Syg, pore volume Vjyg, and overall porosity of the electrospun filter materials are very similar and practically independent of the

copper nanocluster content and only material without copper salt nanoclusters addition shows somewhat higher specific surface area
G 27-29457071
Hg-

Measured filtration efficiencies are comparable with previously obtained results.”’***> Furthermore, the results are consistent with the
electrospun materials fibrous and porous structure that SEM, nitrogen sorption, and mercury porosimetry revealed. The methods showed
that the fibers are more closely spaced in the case of the materials prepared with copper salt addition in a spinning solution (Figures 1B—
1E) and have smaller pores in the 200 < D < 5000 nm size range. Smaller pores ensure better filtration efficiency of materials with copper
nanoclusters addition (Table 4) compared to the material without copper nanoclusters addition, which have prominent pores in the size range
of 1000 < D < 10000 nm (Figure 6C). Additionally, it can be noted that the pressure drop and hence the breathability depends significantly
and approximately linearly on the thickness of the materials (Table 4).

The virucidal activity of tested materials did not change over time, thus confirming their suitability for use as filter materials. Virucidal
activity testing revealed that the effect is concentration dependent. While the reduction of infectious virions Alogc was detectable after
12 h contact time with the filter materials prepared with the addition of 0.25 wt % or 0.75 wt % Cu(NO3), - 2.5H,0, it was comparable to
the virucidal activity of the materials fabricated using a spinning solution of 28 wt % PVDF + DMA without the addition of copper salt. The
filter material prepared with the highest copper concentration proved also to have the highest virucidal activity. At the same time, the filter
material with the second highest copper content showed a marked effect compared to the material without copper. It is possible that only the
copper nanoclusters on the surface of the fibers affect virions. Obviously, the amount of nanoclusters on the fiber surface depends on the
spinning solution’s overall salt content. Thus, the virucidic effect appears only in a significant manner when there is enough copper containing
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Table 3. The specific surface area (Sger) calculated by Brunauer-Emmett-Teller (BET) theory and total pore volume (V) from nitrogen sorption and
specific surface area Syg, pore volume Vy,,, and porosity from mercury intrusion measurements for electrospun filter materials fabricated using a
solution of 28 wt % PVDF + DMA without and with the addition of x wt % Cu(NO3), - 2.5H,0

Nitrogen sorption Mercury intrusion
Solution Sget (M? g b Vior (cm® g b) Shg (m? g b Vg (em?® g b Porosity (%)
28 wt % PVDF + DMA 9.6 0.015 2885 3.88 28.2
28 wt % PVDF + DMA +0.25 wt % Cu(NO3), - 2.5H,0 3.6 0.0057 10.3 4.34 25.9
28 wt % PVDF + DMA +0.75 wt % Cu(NOs3), - 2.5H,0 4.3 0.0060 7.5 3.82 28.6
28 wt % PVDF + DMA +2.0 wt % Cu(NOs3), - 2.5H,0 4.4 0.0057 8.1 3.87 271
28 wt % PVDF + DMA +3.5 wt % Cu(NOg3), - 2.5H,0 2.5 0.0034 10.9 3.02 3.5

particles present on the surface. The virucidal activity of copper compounds against SARS-CoV-2 has also been observed in other recently
published papers, where the effect of different metal nanoparticles on the SARS-CoV-2 virus has been investigated.”’**’?

Conclusions

Electrospinning enabled the manufacture of filter materials based on poly(vinylidene difluoride) (PVDF) with different copper nanoparticle
concentrations. The electrospun filter materials’ fiber morphology, elemental composition, crystal structure, thermal stability, porosity, wetta-
bility, filtration and virucidal properties were suitable for air filtration purposes. Electrospun filter materials fabricated with the addition of
Cu(NOs3); - 2.5H,0 in the spinning solution had fewer defects, and their fibers were more uniformly distributed than those produced without
copper nanocluster content. An increase of Cu(NO3); - 2.5H,0 concentration in the spinning solution resulted in an increase in average fiber
diameter that could be caused by gelation of the polymer solution due to crystal water in copper salt. Electrospun filter materials contained
mainly carbon, fluor, and copper, evenly distributed across the materials. The PVDF was in the gamma form in filter materials fabricated from
solution without the addition of the copper salt. In contrast, the beta form of PVDF was observed in filter materials with copper nanoclusters
content. The copper was in the form of Cu,(NO3)(OH); in the materials manufactured with electrospinning. This is a dehydration product of
Cu(NOs3); - 2.5H,0, and it probably forms during the electrospinning process due to the high electric field strength applied. The electrospun
filter materials were generally thermally stable. All the electrospun filter materials were very hydrophobic as the wetting angles varied from
135° to 146°. The materials became less hydrophobic with increased Cu(NO3); - 2.5H,0 concentration in the spinning solution. Most of the
pores in filter materials fabricated without the addition of the copper salt were larger (1000 < D < 10 000 nm) than most of the pores in ma-
terials with the copper salt addition (200 < D < 5000 nm). However, the total porosity was nearly similar for all fabricated materials.

All electrospun filter materials with an addition of Cu(NO3), - 2.5H,0 in the spinning solution showed high filtration efficiency of particles in
different sizes (100, 300, and 3000 nm) regardless of the thickness of the material or added copper salt content. Materials without the copper
nanoclusters’ content had generally lower filtration efficiency. Electrospun filter materials fabricated with high Cu(NO3); - 2.5H,0 content, i.e.,
2.0wt % and 3.5 wt % in a spinning solution exhibited significant virucidal properties. During a contact time of 12 h the reduction of infectious
virus particles Alogcwas 2.5 + 0.35 and 3.2 + 0.30, respectively. The fastest reduction in infectious virion concentration occurred when the

Table 4. Particle filtration efficiency (E) and pressure drop of electrospun filter materials with various thicknesses fabricated using a solution of 28 wt %
PVDF + DMA at voltage 9 kV and with the addition of x wt % Cu(NO3), - 2.5H,0 (noted in Table) at voltage 17 kV

Solution Filter thickness (um)  E, 100 nm (%) E, 300 nm (%) E, 3000 nm (%) Pressure drop (Pa cm?)
28 wt % PVDF + DMA 55+ 5 653+ 1.2 75.9 + 0.1 99.5 + 0.1 53+ 6
85+ 5 83.9 + 4.1 92.4 + 1.8 99.9 + 0.1 513+ 5
130 + 8 95.5 + 1.1 99.2 + 0.2 99.9 + 0.0 144.3 + 12
28 wt % PVDF + DMA +0.75wt % 25 + 3 100 + 0.0 100 + 0.0 100 + 0.0 128 + 2
Cu(NO3); - 2.5H,0 100 + 10 100 £+ 0.0 100 + 0.0 100 + 0.0 456 + 10
200 + 20 100 + 0.0 100 + 0.0 100 + 0.0 819 + 52
28 wt % PVDF + DMA +2.0wt% 35+ 4 98.5 + 0.5 99.7 + 0.2 100 + 0.3 106 + 2
Cu(NOg3), - 2.5H,0 9 + 8 100 + 0.0 100 + 0.1 100 + 0.0 387 + 86
145 + 10 99.9 + 0.1 99.9 + 0.1 99.9 + 0.1 693 + 74
28 wt % PVDF + DMA +3.5wt% 30 + 5 95.4 + 3.8 100 £ 0.0 100 + 0.0 86 + 16
Cu(NO3)2 - 2.5H,0 110 + 15 100 + 0.0 100 £ 0.0 100 + 0.0 143 + 12
200 + 20 100 + 0.0 100 £ 0.0 100 + 0.0 400 + 97
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T 1.E+06 ¢ Figure 7. Virucidal activity against SARS-CoV-2 of electrospun filter materials
1S ‘E i $ # fabricated using a solution of 28 wt % PVDF + DMA at voltage 9 kV and with the
D% 1.E+05 X ¥ ¥ ? addition of x wt % Cu(NO3), - 2.5H,0 (noted in the figure) at voltage 17 kV
O F Data are represented as mean with standard deviation.
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material fabricated from a spinning solution containing 3.5 wt % of Cu(NO3), - 2.5H,0 was used. In contrast, electrospun filter materials with
low Cu(NO3); - 2.5H,0 content (<0.75 wt %) in the spinning solution did not show remarkable virucidal activity. The electrospun filter material
prepared using 28 wt % PVDF + DMA +2.0 wt % Cu(NO3), - 2.5H,0 spinning solution demonstrated high virucidal stability even 3 months
after the material was prepared.

Limitations of the study

While we have shown excellent performance of our materials in laboratory settings, testing the efficiency of produced materials in practical
environments would be vital. It is also necessary to study given materials’ effectiveness in operando. Furthermore, it is required to challenge
provided materials with various conditions to test their stability in different operating environments.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

SARS-CoV-2 NG Rihn et al.”? N/A

Chemicals,peptides, and recombinant proteins

1% v/v Penicillin/Streptomycin stock solution Gibco #15070-063
Polyvinylidene difluoride Sigma-Aldrich 427144; CAS: 24937-79-9
N,N-dimethylacetamide Sigma-Aldrich 271012; CAS: 127-19-5
Copper(ll) nitrate hemi(pentahydrate) Sigma-Aldrich 467855; CAS: 19004-19-4

Experimental models: Cell lines

VeroEé (African green monkey epithelial kidney) cells ATCC RRID: CVCL_0574

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Thomas Thomberg
(thomas.thomberg@ut.ee).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.

e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Spinning solution preparation

The polymer solution used in the experiments was prepared a day before the electrospinning. In order to dissolve the polymer faster, a mag-
netic stirrer with a heating plate (IKA C-MAG HS7) kept at 55°C was used. Polyvinylidene difluoride (PVDF, average molecular weight ~ 275
000 g mol™, Sigma-Aldrich) was used as a polymer, N,N-dimethylacetamide (DMA, anhydrous, purity 99.8%, Sigma-Aldrich) as a solvent, and
copper salt (Cu(NO3),-2.5H,0, purity > 99.99%, Sigma-Aldrich) was added to the solution as a virucidal component. The concentration of the
polymer in the solution was 28 weight percentage (wt%), and the wt% of the salt varied from 0.25 wt%, 0.75 wt%, 2.0 wt% to 3.5 wt%,

respectively.”/ 0457475

Electrospun filter materials preparation

The electrospinning method was used to produce virucidal filter materials. The apparatus of the electrospinning method consisted of a high
voltage source, a syringe pump, a syringe (10 ml), a syringe needle (with an inner diameter of 0.4 mm), a system for moving the needle hori-
zontally, a cylindrical rotating collector (diameter 9 cm), and a climate control unit controlling the temperature and humidity (EC-DIG, IME Tech-
nologies, Netherlands). In all experiments, the temperature was set at 23 + 1°C, humidity 60 + 3%, solution feed rate 1 ml h”', needle move-
ment speed 5 cm s with a delay of 0.5 s at the ends, collector rotation speed 500 rom and the distance of the needle from the collector was
9 cm. The voltage applied to the solution was gradually increased by 2 kV increments from 11 to 21 kV in order to find suitable electrospinning
conditions for the production of metal nanocluster containing nanofibrous materials (Table 1). For electrospinning the metal nanocluster free
filter material, the voltage was kept at 9 kV because at higher voltages it was impossible to get a mat with nanofibrous structure.*” The collector
was covered with aluminum foil to collect the filter materials, and different volumes of solution were used for their preparation.?/=%4>7475

Physical characterization of electrospun filter materials

The filter materials’ structure, morphology, elemental composition, and element distribution were studied with a scanning electron micro-
scope (SEM) Zeiss EVO MA15 system with an Oxford X-MAX 80 energy dispersive detector (EDS). Before SEM and EDS analyses, the surface
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of the filter materials was covered with either a few nanometers of thick platinum or carbon layers, respectively. The content of copper in the
filter materials was analyzed by the MP-AES method using the Agilent 4210 system.”® For analysis, the sample was weighed into a 25 cm® PFA
(perfluoroalkoxy alkane) sealed container, adding 10 cm?® of 69% HNO5 (Carl Roth Rotipuran Supra), and heated for 24 h at 105°C. After disso-
lution, the samples were diluted with 2 wt% HNOj3 solution to the expected Cu content of 4 mg dm™. Quantification was performed at a wave-
length of Cu 327.395 nm in three replicates, and the signal was collected for 10 s in each replicate. A calibration chart was used in the range of
0.1-10 mg dm3, and calibration solutions with a concentration of 1 g dm™ were prepared from an Agilent multi-element calibration standard
2A solution. The fiber diameters were determined based on SEM images using the free software ImageJ, and the fiber size distribution was
compiled using the diameters of 40 fibers from each filter material.”’

Nitrogen sorption analysis was used to characterize the porous structure of filter materials, which was performed at the boiling temper-
ature of liquid nitrogen (-195.8°C) with the ASAP 2020 system (Micromeritics, USA). Based on the Brunauer-Emmett-Teller (BET) theory, the
specific surface areas (Sget) of the filter materials were calculated in the range of relative pressures (p/po) between 0.05—-0.1. The filter mate-
rials’ total pore volume (V) was calculated according to the amount of nitrogen adsorbed on the sample at a relative pressure of p/pg =
0.95.5766

The mercury intrusion porosimetry method was also used to characterize the porous structure of the filter materials. The measurements
were performed with an AutoPore IV instrument (Micromeritics, USA), and triple distilled mercury with a purity of 99.9995% was used.’~*’ The
volume of the sample holder was 3 cm® and the stem volume was 0.412 cm?®. The samples were degassed under vacuum at 100°C for at least
one hour before measurements. Mercury porosimetry curves were measured within the pressure range from 0.01 to 410 Mpa by recording the
amount of mercury intruded into the sample at each measured pressure. The blank sample data was subtracted from the measurement re-
sults, taking into account the effect of temperature and the sample holder from the analysis results, and the average results were found from
repeated measurements of the filter materials.

Thermogravimetric analysis (TGA) was used to analyze the thermal stability of the filter materials by using a NETZSCH STA 449 F3 instru-
ment and an Al,O3 sample holder. The parameters of the TGA experiment were as follows: temperature range 25°C — 1000°C, heating rate
10°C min™", and gas flow rate 50 cm® min™". The stability of the materials was determined both in an inert gas (nitrogen, 99.999%, Linde Gas)
and synthetic air containing 20% oxygen by volume (99.999%, Linde Gas).*

X-ray diffraction analysis (XRD) was used to analyze the crystalline structure of the filter materials, and measurements were performed on a
Bruker D8 instrument (Bruker Corporation) at a temperature of 25 + 1°C. A CuKa radiation source was used with a LynxEye position sensitive
detector, where the angular step was 0.01° and the counting time for each angle was 2 s.”%°

The hydrophobicity of the filter materials was established by pipetting a droplet of ultrapure water (Milli-Q+, resistivity 18.2 MQ cm) onto
the surface of the filter material and by measuring the contact angle between the filter material surface and a water droplet.”®

Electrospun filter materials particle filtration efficiency and breathability

In order to analyze the filter materials’ filtration efficiency, experiments were carried out on a self-designed system. A detailed description of
the particle filtration efficiency (PFE) tests and apparatus scheme can be found elsewhere.?’*> Briefly, the aerosol for calibration was gener-
ated with an atomizer from the dispersion of polystyrene latex spheres with a diameter of 3 um (Thermo Scientific, Lot No. 212695(net) 3 um) in
distilled water. Aerosol flow was measured before and after sample measurements, and silica gel was used to dry it. Two different instruments
were used to measure the entire aerosol particle size range: for the size range of 5-500 nm, FMPS (Fast mobility Particle Spectrometer, TSI
Incorporated) was used, and for 300 nm — 10 um size range OPS (Optical particle counter, TSl incorporated) system was employed. A gas flow
rate meter (4140, TSI) was used to measure the air flow rate, and it was controlled by a two-way Burkert 2/2 solenoid valve (no. 00234303,
Christian Biirkert GmbH). The air flow rate in the conducted experiments was 1.8 dm® min™ per 4.9 cm? filtration area, and the concentration
of aerosol particles (particles per liter) was determined before By, and after the measurement B, of each sample, from which the average con-
centration value was found. Filter materials were measured in three parallel experiments, and the average filtration efficiency was calculated.
The filtration efficiency (E, unit %) was calculated based on the following equation:

o)
E = 100%—~———%~—
7 BL~,+Ba

2

where T is the concentration of aerosol particles passing through the filter.
The breathability of the filter material was evaluated using the pressure drop value, which was measured according to the EN
14683:2019+AC:2019 standard. Unlike the 14683:2019+AC:2019 standard, measurements were not performed at a relative humidity of
85%. The sample (filter material) was placed between the metal filter holder, and the pressure difference caused by the material was

measured. The breathability tests were conducted in triplicate. Three different areas were chosen to be tested from all the electrospun
samples.

Virus strain and virucidal activity determination

In order to study the virucidal properties of the filter materials, a recombinant SARS-CoV-2 (Wuhan-Hu-1 strain), in which the gene encoding
the spike protein was replaced by that of the alpha variant, was used. To facilitate the visualization of infected cells, a mNeonGreen marker was
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attached to the C terminus of the ORF7a protein of the virus, hereafter designated as SARS-CoV-2 NG’3. The virus was propagated in VeroE6
(African green monkey epithelial kidney) cells grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Corning, #10-013-CV) supplemented
with 0.2% w/v BSA (bovine serum albumin, Sigma-Aldrich) and 1% v/v Penicillin/Streptomycin stock solution (Gibco, #15070-063), hereafter
virus growth medium (VGM). The virus titer was determined on the same cells using the TCIDso (median tissue culture infectious dose 50) test
and was calculated using the Spearman-Karber algorithm.

Determination of the virucidal properties of the electrospun filter materials was performed according to the ISO 21702:2019 standard with
modifications. Virucidal properties were determined for PVDF filter materials with 0.25 wt%, 0.75 wt%, 2.0 wt%, or 3.5 wt% Cu(NO3),-2.5H,0
added to the spinning solution. A reference material without salt addition (unmodified PVDF filter material) was used as a control sample.
Before the experiments, all samples were treated with UV-C radiation to clean them from possible contamination. The stock solution of
SARS-CoV-2 NG (concentration ~7 x 107 TCIDgg units ml™") was diluted 10 times in phosphate buffered saline (PBS). The 30 mm x 30 mm
electrospun filter material and reference material pieces were inoculated with 200 pl of the virus suspension and covered with a piece of
PVC (poly(vinyl chloride), dimensions 20 mm x 20 mm) to ensure even distribution of the suspension. The samples were incubated for 0, 1,
2,4,8,0r 12 hours at 25 + 2°C, and after that, the samples were washed with 10 ml of VGM solution. The concentration of infectious virus
in each wash-out was determined using the TCIDsq assay. All samples’ average titer values were calculated based on at least three indepen-
dent experiments. The decrease in virus concentration Alogc was calculated according to the following equation: Alogc = log(cop) - log(can),
where g, and ¢, are virus concentrations at the contact time of 0 h and x h, respectively, and x in our experiments was either 1, 2, 4, 8, or 12
hours.

The stability of the electrospun filter materials was evaluated based on the maintenance of their virucidal activity. For these experiments,
the electrospun filter material prepared using 28 wt% PVDF + DMA + 2.0 wt% Cu(NO3),-2.5H,0 spinning solution; a contact time of 8 h was
selected for virucidal assay due to the substantial virucidal effect observed in previous assays. The virucidal activity of the selected material
under these conditions was evaluated immediately after the preparation of the material and then 1, 2, and 3 months after the first tests. All
materials tested were pre-cut into size (30 mm x 30 mm), followed by double-sided UV-C treatment to reduce contamination, and stored at
room temperature in a dry, dark place until further testing.
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