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Abstract The antimicrobial functionalization of
textile structures with copper and its compounds car-
ried out by various methods increased significantly
during the SARS-CoV-2 pandemic. So far, in order
to obtain antiviral properties the magnetron technique
using copper was applied mainly to flat textile struc-
tures; polypropylene, polyester and cotton nonwo-
vens, and polyester and cotton woven fabrics. In this
study, magnetron sputtering with copper was applied
to modify the spatial viscose needle-punched nonwo-
ven fabric. We found that the spatial nonwoven struc-
ture made of regenerated cellulose fibers and one-side
sputtered with copper has strong antimicrobial activ-
ity against Gram-positive Staphylococcus aureus and
Gram-negative Klebsiella pneumoniae. In the case of
herpes simplex virus type 1 (HSV-1) McKrae strain,
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vaccinia virus (VACV) WR strain, influenza A virus
HIN1 (IFV) and mouse coronavirus (MHV) JHV
strain used in the study, Cu modified nonwoven fabric
has only weak activity against herpes simplex virus
type 1 (HSV-1). It also has no significant toxicity
compared to the control medium and pristine nonwo-
ven fabric. The modified nonwoven fabric is charac-
terized also by hydrophobic properties, high electrical
conductivity, good air and water vapor permeability,
and meets the requirements of breathing resistance
for all protection classes (FFP1, FFP2 and FFP3)
specified in the EN 149-2001 standard.

Keywords Viscose nonwoven fabric - Copper -
Magnetron sputtering - Bioactivity - Electrical
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Introduction

Copper is one of the earliest metals known and used
by man more than 10,000 years ago (Bell 2020). The
first items produced were mainly ornaments, but
over the years, further properties of copper and new
applications were discovered. The advantages of cop-
per were appreciated when there was no documented
scientific research about microorganisms and the
mechanism of their neutralization as well as advanced
techniques of material modification and precise
assessment of bioactivity effects (Grass et al. 2011;
Borkow 2012; Hans et al. 2013). Currently, copper
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has very wide areas of application, including tex-
tiles. The functionalization of textile structures with
copper and its compounds is carried out by various
methods to impart conductive properties (Peng et al.
2018; Nowak et al. 2019), PEM protection (Bula et al.
2006; Ziaja et al. 2008; Wisniewski and Koprowska
2014; Koprowska et al. 2015), hydrophobicity (Peng
et al. 2018), bioactivity against microorganisms
(Borkow et al. 2010; Champagne et al. 2019; Kudzin
et al. 2020; Markovi¢ et al. 2020; Cieslak et al. 2022;
Sharma et al. 2022), and UV protection (Vihodceva
et al. 2011; Peng et al. 2018; Kudzin et al. 2020).
Such textile materials are not only bioactive (Khara-
ghani et al. 2018; Gurianov et al. 2019; Hashmi et al.
2019; Liu et al. 2021) but also multifunctional (Ali
et al. 2018; Huang et al. 2022).

The interest in antiviral modifications increased
significantly during the SARS-CoV-2 pandemic
(Imani et al. 2020; Balasubramaniam et al. 2021; Lin
et al. 2021; Hussain et al. 2022; Meister et al. 2022).
One of the modification methods which enables the
application of thin metallic layers on the surface of
various materials is Physical Vapor Deposition (PVD)
(Kelly and Arnell 2000; Vihodceva et al. 2011;
Markowska-Szczupak et al. 2021). In the case of tex-
tiles, depending on their applications, it is important
to select the appropriate metal and its form, as well
as the type of raw material and its structure. So far, in
order to obtain antiviral properties, including against
SARS-CoV-2, the magnetron technique using cop-
per was applied mainly to polypropylene spunbond
nonwoven (Jung et al. 2021), polyester nonwoven
(Jung et al. 2022), polyester and cotton woven fabric
(Cieslak et al. 2022), and cotton nonwoven (Zhang
et al. 2022). In our previous work, it was found that
two flat textile structures—a polyester woven fabric
with an admixture of polyamide and a cotton woven
fabric, sputtered with Cu in the same way, showed
different bioactive properties (Cieslak et al. 2022).
Both fabrics have strong antibacterial activity against
Staphylococcus aureus and Klebsiella pneumonia,
but in the case of antiviral test the results were varied.
Cu-cotton fabric has good antiviral activity in rela-
tion to vaccinia virus (VACV), herpes simplex virus
type 1 (HSV-1) and influenza A virus HIN1 (IFV),
while its antiviral activity against mouse coronavi-
rus (MHV) is weak. Cu-polyester fabric has weak
antiviral activity against HSV-1 and MHV. Since Cu
modified cellulose flat woven fabric showed greater
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activity against viruses, we wanted to investigate
whether a nonwoven fabric with a spatial 3-D struc-
ture made of regenerated cellulose fibers and modi-
fied in the same way would have similar antimicro-
bial properties. To the best of our knowledge, there
are no publications on viscose textile structures sput-
tered with copper by magnetron technique to obtain
antibacterial and antiviral properties. In our previous
research polyester and cotton fabrics had flat struc-
tures and copper homogenously sputtered the whole
fibres surface, which allows interact with the viruses
efficiently and results in high antimicrobial properties.
In this study, magnetron sputtering method is
applied for the first time to modify of viscose needle-
punched nonwoven with copper. A significant advan-
tage of this method is preserving the structure prop-
erties of the nonwoven fabric during modification
process, but the modification effect of spatial struc-
ture with this technique may be different compared
to flat structures. After the magnetron sputtering with
Cu viscose needle-punched nonwoven is character-
ized by antimicrobial activity, hydrophobic properties
and high electrical conductivity. These new features
can extend the applications of viscose textile struc-
tures to design antibacterial and antiviral, and electri-
cally conductive textile systems. Developed materials
may be used in protective mask, clothing or as special
packaging and coverings inter alia in the area/devices
protected against Electrostatic Discharge (ESD).

Materials and methods

Textile structure

Viscose (VI) needle-punched nonwoven with the
characteristic presented in Table 1 was used in the
study.

Methods

Modification of nonwoven with copper by magnetron
sputtering

Modification of nonwoven with copper was carried on
the DC magnetron sputtering system, (P.P.H. Jolex s.
c., Czestochowa, Poland) equipped with a pulse cur-
rent source with a power of minimum 12 kW and a
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Table 1 Characteristic of viscose needle-punched nonwoven

Material structure Needle-
punched
nonwoven

Fibers apparent diameter®, pm 20.3+1.49

Fibers lenght, mm 56.7+2.30

Volume porosity**, % 96.46

Mass per unit area, g/m> 184 +2

Thickness, mm 4.15+0.23

*The fibers diameter was determined with scanning electron
microscopy (SEM) technique

**The percentage of air in the volume of the nonwoven

maximum voltage of 1.2 kV with an adjustable group
frequency from 50 to 5 kHz (Koprowska et al. 2015).
The process was carried out on the nonvowen sample,
in an inert gas—argon using the copper target with a
purity of 99.99% (Testbourne Ltd., Basingstoke, UK)
and following conditions: pressure of 2.0 x 10~ mbar,
effective power of 2.0 kWh, circulating power of 0.8
kWh, argon content of 3%, sputtering time of 10 min.

Microscopic analysis

SEM microscopic analysis were carried out on a scan-
ning electron microscope VEGA3 (TESCAN, Czech
Republic), using the high vacuum mode, secondary
electron (SE) detector and the energy of probe beam
of 20 keV. The samples were sputtered with gold on
the Quorum Technologies Ltd. vacuum device. The
elemental analysis was performed on the EDS INCA
Energy spectrometer (Oxford Instruments) on the
samples without sputtering with gold. X-ray microa-
nalysis was done under air pressure of 10 Pa, using an
accelerating voltage of 20 kV, backscattered electron
beam (BSE) and the SmartMap function. For each
sample, maps of the distribution of elements, the total
spectrum as well as weight and atomic percentages of
elements were prepared. The maps were determined
for the elements C, O and Cu for the Ko line with
the excitation energy E=0.28 keV, E=0.52 keV and
E=38.04 keV, respectively.

Fourier transform infrared spectroscopy (FTIR),
Raman and XPS spectroscopies

The infrared spectra were recorded by a BRUKER
Vertex 70 FTIR spectrometer (Bruker, Germany)

using a diamond Attenuated Total Reflection (ATR)
accessory. FTIR absorption spectra were measured
in the wavenumber range of 600 to 4000 cm™! with a
resolution of 2 cm™!. The Raman spectra were exam-
ined using an inVia Renishaw Raman Microscopy
System (Renishaw, GB). The excitation source was
a semiconductor laser with a wavelength of 785 nm.
The laser beam was focused on the samples using a
50xobjective lens. Each spectrum was collected
with four accumulations in the wavenumber range of
200-3200 cm™".

The XPS spectra were recorded at room tempera-
ture in a PHI 5700/660 physical electronics photo-
electron spectrometer (Physical Electronics, USA)
using a monochromatized Al Ko (hv=1486.6 eV)
X-ray source.

Determination of Cu content

In order to determine the copper content in the non-
woven, the sample was mineralized in a microwave
mineralizer (Magnum II, Ertec, Poland). Then, the
mineralized sample was dispersed in purified water.
The content of copper in the dispersion was deter-
mined by means of an atomic absorption spectrom-
eter (AAS) with flame atomization (SpectrAA 250
Plus, Varian, Australia).

Thermogravimetric analysis

Thermogravimetric analysis TG/DTG was per-
formed using thermogravimetric analyzer TG 209 F1
Libra (Netzsch, Germany) in the temperature range
30-680 °C with a heating rate 10 °C/min. Samples
with a mass of 4 mg were tested in a ceramic crucible
with a volume of 85 pl in a nitrogen atmosphere (gas
flow of 25 mL/min.). Three repetitions were used.

The initial (TOnset), final (TEnd), and the peak
maximum (TPeakl) temperature of the thermal deg-
radation process and the weight loss of samples at
680 °C were determined.

Antibacterial test

The test was performed according to PN-EN ISO
20743:2013-10 Determination of antimicrobial activ-
ity of finished products with antibacterial finish using
the bacteria strains of Gram-positive Staphylococcus
aureus (ATCC 6538) and Gram-negative Klebsiella
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pneumoniae (ATCC 4352). The pristine textile struc-
tures are used as reference materials. Assessment of
antibacterial activity (A) was carried out according
to EN ISO 20743:2013 Appendix F, where 2<A <3
means significant and A >3 strong bioactivity.

Antiviral and cytotoxicity tests

For assessment of antiviral activity four pathogens
were used: herpes simplex virus type 1 (HSV-1)
McKrae strain (Gothenburg University, Sweden),
vaccinia virus (VACV) WR strain (ATCC VR- 1736),
influenza A virus HIN1 (IFV) (ATCC VR-1736)
and mouse coronavirus (MHV) JHV strain (ATCC
VR-765). Tests with HSV-1 and VACV were per-
formed in Vero cells (ATCC CCL-81) cultured in
Dulbecco’s Modified Eagle’s (DMEM) Medium with
GlutaMAX supplemented with 10% fetal bovine
serum (FBS), 100 units/mL penicillin, 100 pg/mL
streptomycin (Thermo Fisher Scientific, Waltham,
MA, USA). Vero cells were inoculated with cryo-
preserved HSV-1 or VACV. The virus infection was
monitored by observable cytopathic effects (CPE).
The virus stock infectivity titer (plaque forming unit
(PFU)/mL) was determined in Vero cells inoculated
with serial dilutions of virus suspensions. After 48 h,
infected cell cultures were stained with 1% crystal
violet and used to determine the number of cyto-
pathic effects per mL (PFU/mL) (Szymariska et al.
2018). Tests with IFV were performed in MDCK
(NBL-2) (ATCC®, Manassas, VA, USA, CCL-34)
cells cultured in DMEM medium with antibiotics
and 10% FBS (Thermo Fisher Scientific). MDCK
cells were inoculated with cryopreserved IFV, then
cultured for 72 h and monitored for observable cyto-
toxic effects. Tests with MHV virus were performed
in NCTC clone 1469 cells (ATCC® CCL-9.1), cul-
tured in Minimum Essential Media (MEM) with anti-
biotics and 10% FBS (Thermo Fisher Scientific). The
infected cultures were observed for 24 h for the pres-
ence of CPE.

For MHV and IFV, TCID50/mL (Spearman-Kér-
ber method) (Kérber 1931) was used to determine
the concentration of the inoculated virus based on
the outcome of the end-point dilution resulting in the
CPE of the MDCK (IFV) or NCTC (MHV) cells cul-
tured in 96 well plates. The mouse beta-coronavirus
(MHYV) was chosen in context of future research con-
cerning the SARS-CoV-2. It is an enveloped virus
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with a positive-sense RNA genome in the Coronaviri-
dae family and has been studied widely as a model
of viral pathogenesis (Miura et al. 2008). The study
was performed according to the standard 18,184:2019
Textiles-Determination of antiviral activity of tex-
tile, in which good antiviral activity is described as
3.0>Mv>2.0. As a negative untreated test control
material, the pristine fabric was used. The control and
modified fabric samples were cut into 1.0 g pieces,
autoclaved in order to sterilize and next inoculated
with 0.2 mL of the viral inoculum. Incubation was
carried out at room temperature for 2 h. Each of sam-
ples was prepared in triplicates. All samples were
washed with 20 mL of the neutralizing solution (com-
plete cold medium), followed by 1 min of vortexing.
Aliquots of the neutralizing solutions were used to
determine the infectious titer of the recovered virus
by PFU/mL (HSV-1, VACV) or TCID50/mL (IFV,
MHYV) method.

The antiviral activity (Mv) value was calculated
according to the equation:

Mv = —log(Vc/Vt) = —[log(Vc) —log(V)],

where log(Vc)=the common logarithm average of
three infectivity titer values immediately after inocu-
lation of the control sample; log(Vt)=the common
logarithm average of three infectivity titer values
immediately after the 2 h contact time with the tested
samples. According to the standard 18,184:2019,
good antiviral activity is described as 3.0 >Mv >2.0.

In order to assess potential cytotoxicity, the fol-
lowing test was conducted: 20 mL of the neutralizing
solution was added to non-virus inoculated control
and test samples, incubated for 2 h and after vortex-
ing, aliquots from these solutions were added to the
Vero cells. Cytotoxicity was then monitored with
MTT cell viability assay according to the producer’s
manual (Thermo Fisher Scientific).

Determination of wettability and surface free energy

The contact angle 8 was determined using a PGX
goniometer (Fibro System AB, Sweden). Three
wetting liquids with known values of surface free
energy (yp) and its dispersion and polar components
(v %y D) were used: water, W (y.=72.80 mJ/m?,
1.4=21.80 mJ/m?, y;P=51.00 mJ/m?), formamide, F
(y,.=58.00 mJ/m?, y; 4=39.00 mJ/m?, y,P=19.00 mJ/
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m?), hexane, H (y; =18.40 mJ/m?, v,%=18.40 mJ/
m?, y;P=0 mJ/m?). The droplet volume was 3 uL,
temperature 22.3+1 °C, RH=404+1%. Three rep-
etitions for each sample were made and mean values
and standard deviation were determined. Based on
the mean value of the contact angles, the surface free
energy and its components were calculated accord-
ing to the Owens—Wendt method (Owens and Wendt
1969; Cieslak et al. 2012).

Measurement of electrical properties

Surface (Rs) and volume (Rv) electrical resistance
of nonwovens was measured according to standard
PN-P-04871:1991 Textiles. Determination of electri-
cal resistivity, using a set of standardized electrodes,
a digital DM53 multimeter (Polmed, Poland) and
6206 teraohmmeter (ELTEX, Germany). The half
decay time of electrostatic charge (ts,) and shield-
ing factor (S) were determined according to standard
PN-EN-1149-3:2007 Protective clothing. Electro-
static properties. Part 3: Test methods for measure-
ment of charge decay (induction method).

All samples were tested triplicate in an air-condi-
tioned HCZ 0030 L(M) chamber (Heraeus, Germany)
at a temperature of 23+ 1 °C and relative humidity
(RH) of 25 +5% and 50 +5%. Before testing, samples
were conditioned under the same conditions for 24 h.

Air and water vapour permeability

Air permeability was measured in accordance with
the standard PN-EN ISO 9237:1998, Textiles. Deter-
mination of permeability of fabrics to air, using pres-
sure difference of 100 Pa, temperature of 21 °C and
RH=64%. The tests were carried out on a sample
with a surface of 20 cm?.

Fig.1 The SEM images of
pristine viscose nonwoven:
A surface view, B longitudi-
nal and C cross section of
the fibers

Water vapour permeability (WVP) was meas-
ured in accordance with the standard PN-EN ISO
11092:2014-11, Textiles. Physiological effects. Meas-
urement of thermal and water-vapour resistance
under steady-state conditions (sweating guarded-hot-
plate test), using Thermetrics 306-240, Thermetrics,
USA.

Breathing resistance measurement

To measure the inhalation and exhalation resist-
ance of the viscose non-woven under specified con-
dition the GT-RA03 Mask&Respirator Breating
Resistance Tester (Quanzhou Gester International
Co., Ltd, China) was used. The measuring range
of flowmeter was 0-400 L/min, and the accuracy
was 1%. The range of the micromanometer was
0-1000 Pa, and the accuracy was 1 Pa. According
to EN 149:2001+A1:2009 standard (Respiratory
protective devices—Filtering half masks to protect
against particles—Requirements, testing, marking),
the inhalation test flow rate 30 L/min and 95 L/min,
and exhalation test flow rate 160 L/min were used.
The measurements were carried out at 23+ 1 °C and
RH=40+1%.

Results and discussion

SEM images (Fig. 1) show the surface of the pris-
tine nonwoven fabric and the longitudinal and
cross-sectional views of the fibers. Viscose fibers
have an extended outer surface with longitudinal
grooves. The distribution of the fibers is typical for
a nonwoven fabric produced by the needle-punched
technique, with a varied and disordered spatial
structure and relatively large distances between
the fibers. Such structure is characterized by high
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Fig. 2 The exemplary
images of cross sections of
A pristine and B Cu modi-
fied nonwoven with the
average thickness values

Thickness, mm

pristine 4.15+0.23

VI/Cu 4.17£0.11

Cu layer 1.51£0.10

100um

Electron Image 1

4 B g 10 12 14 16 18 20
Full Scale 307633 cts Cursor: 0.054 (26332 cts)

Cu Ka1 O Ka1

E

CKal_2

Fig. 3 Results of SEM/EDS analysis: A SEM images, B sum spectrum and C-E exemplary maps of elements distribution on nonwo-

vens surface (Cu—yellow, O—green, C—red)

volume porosity of 96.46% and allows Cu particles
to penetrate into the viscose nonwoven structure up
to 1.51+0.10 mm (Fig. 2B). The average value of
thickness did not change significantly after sputter-
ing and amounts to 4.15+0.23 and 4.17+0.11 mm,
respectively, for pristine and Cu modified nonwoven
(VI/Cu) (Fig. 2). The total Cu content determined
by the AAS analysis is 22.2 g/kg (2.22%), which is
4.1 g/m? per unit area. SEM/EDS analysis revealed
Cu content of 74.1 + 1.43 wt% and also O and C ele-
ment’s presence (Fig. 3, Table 2). The SEM analysis
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Table 2 Weight percentage of elements determined for pris-
tine and modified viscose nonwoven (VI/Cu)

Elements, wt% pristine VI/Cu

Cu - 74.1+£1.43
(0] 53.0+0.05 10.1+0.55
C 47.0+0.05 15.8+1.01
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showed differences in the Cu coating thicknesses
on the fiber surface. Some part of the viscose fibers
are not covered with Cu, especially in longitudinal
grooves. The varied thickness coating or its lack is
the result of different position of the fibers in the
spatial nonwoven fabric structure and their align-
ment to sputtering target (Fig. 3E, F) (Fig. 4).

Fig. 4 Results of SEM/
EDS analysis: A SEM
images and B-D exemplary
maps of elements distribu-
tion for fibers cross section,
(Cu—yellow, O—green,
C—red) and E-F SEM
images od fibers cross
section (magnification
E—x 5000, F—x10,000)

Electron Image 1

Spectroscopic analysis

Since Cu is a low stable element and forms easily dif-
ferent oxides the spectroscopic analysis was applied
to evaluate its form on viscose nonwoven fabric. FTIR
spectrum of pristine nonwoven shows typical bands
for viscose (Fig. 5). Main vibrational assignments

Cu Ka1

@ Springer
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3335 2887 1313,

Absorbance (arb. units)

N ———
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 5 FTIR spectra of pristine (red) and Cu modified (black)
viscose nonwoven

of viscose bands are present at 3335, 2887 and
1017 cm™! and are related respectively to OH stretch-
ing, CH bending and CO stretching (Giesz et al.
2016; Siilar and Devrim 2019). Infrared bands with
the maxima at 1366 and 1261 cm™! correspond to
CH bending, and bands centered around 1424 and
1313 ¢cm™' indicate CH, symmetrical bending and
wagging, respectively (Carrillo et al. 2004). After
modification with Cu, the intensity of the main infra-
red viscose bands decreased significantly confirm-
ing the formation of Cu-based compound layer on
viscose.

The Raman spectra of viscose reveals clearly
defined bands centered around 1096 cm™! related to
COC stretching (Fig. 6). The another typical band
for viscose corresponded to HCC and HCO bending
is noted at 898 cm™! (Giesz et al. 2016) Character-
istic bands centered around 1466, 1375, 1337, and
1278 cm™! are related to CH, bending, rocking, and
wagging, bands at 318, 354, 423 and 455 cm™! cor-
respond to COC and CCC bending (Was-Gubala and
Machnowski 2014). The peak at 2902 cm™! is related
to CH stretching.

After the modification with Cu, Raman spectra
shows new bands corresponding compounds based
on Cu. The presence and the intensity of the bands
at 146, 219, 413, 524 and 619 cm™! reveal domi-
nant contribution of Cu,0O compound (Anu and
Abdul Khadar 2015; Jrajri et al. 2022). The coating
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Intensity (arb. units)

T T T T T T T T T T T
500 1000 1500 2000 2500 3000
Raman shift (cm™)

Fig. 6 Raman spectra of pristine (red) and Cu modified
(black) viscose nonwoven

is composed with copper oxides mixture due to the
fact that band of low intensity of CuO are also noted
at 263 and 330 cm™! (Han et al. 2015). The band at
619 cm™! is also partially related to the presence of
CuO in the sample (Li et al. 2015).

The presence of Cu, Cu,O and CuO was also con-
firmed by XPS analysis. In the XPS survey spectra of
Cu modified viscose sample, the main peaks of Cu2p,
Ols and Cls are observed (Fig. 7A). Deconvoluted
XPS core spectrum of Cu2ps, consisting of four
peaks at 932.8, 935.1, 941.2 and 943.7 eV is shown
in Fig. 7B. The strong peak at 932.8 eV is related to
Cu or Cu,O (Poulston et al. 1996; Biesinger 2017).
Moreover, the peak at 935.1 eV accompanied with
two satellites peaks at 941.2 and 943.7 eV indicates
the presence of CuO in the sample (Biesinger 2017,
Hiraba et al. 2021).

The broad shape of the Ols peak suggesting
the coexistence of different species on the sample
surface, which makes the identification of cop-
per oxides much more difficult. Deconvoluted
Ols spectrum consists of three peaks located at
530.8, 532.0 and 533.5 eV (Fig. 7C). The peak at
530.8 eV can be assumed to correspond to lattice
oxygen in Cu,O (Barreca et al. 2007; Jiang et al.
2013). The others most likely correspond to oxygen
in viscose or/and originate from H,O or OH spe-
cies adsorbed on the Cu surface (Yamamoto et al.
2008). For Cls, two main peaks were detected at
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Fig. 7 A XPS survey spectra of Cu modified viscose and B high-resolution elemental spectra of Cu 2p;,,, C Ols and D Cls

285.0 and 288.4 eV which are related to carbon
atom in C-C and O-C-0O/C = O bonds, respectively
(Fig. 7D) (Vesel et al. 2009; Dobromir et al. 2011).

TG/DTG analysis showed that a weight loss
of 6.52% and 6.08%, occurs in the range of
30-100 °C, respectively for the pristine and Cu
modified viscose fabric, corresponding to the water
desorption process (Fig. 8). The thermal decompo-
sition process takes place in the temperature range
of 294-363 °C with a peak maximum at 341 °C.
Weight loss at 600 °C is 86 +3%. For the Cu modi-
fied fabric, the temperature values do not change
significantly. The value of weight loss decreases to
84 + 1%, which indicates that the copper content on
the modified nonwoven fabric is about 2%. Cu con-
tent evaluated by TG analysis confirms the previ-
ous results obtained from AAS.

TG /% DTG /(%/min)

100 0

80

60
pristine
— VI/Cu

40

-20
20

-25

100 200 300 400 500 600
Temperature /°C

Sample Tonset [°C] Tena[°C] Treax [°C]  Weight loss [%] 600°C

pristine 29445 363+1 341+0 8643

VI/Cu  294+3 364+2 339+1 84+1

Fig. 8 Results of TG/DTG analysis of pristine and Cu modi-
fied viscose nonwoven fabrics
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Bioactivity

Cu sputtered nonwoven fabrics is characterized by
strong antibacterial activity (A >3) (Table 3). Rela-
tively weaker impact activity is observed in the case
of Gram-positive bacteria Staphylococcus aureus.
Gram-negative bacteria Klebsiella pneumoniae has
a thin peptidoglycan layer and an outer lipid mem-
brane. In Gram-positive bacteria the peptidoglycan
layer is significantly thicker and an outer lipid mem-
brane is not present (San et al. 2015). Similar results
were reported by Vaidya and co-authors who studied
antibacterial activity of copper against Gram-negative
bacteria Klebsiella pneumoniae and Acinetobacter
baumanni and Gram-positive Enterococcus faecium
(Vaidya et al. 2017).

In our previous work, we found that PET/Cu and
CO/Cu woven fabrics, sputtered with Cu in the same
way showed both not only antibacterial properties
but also antiviral activity (Cieslak et al. 2022). CO/
Cu fabric has good antiviral activity in relation to
vaccinia virus (VACYV), herpes simplex virus type 1
(HSV-1) and influenza A virus HIN1 (IFV) and weak
activity against mouse coronavirus (MHV). PET/Cu
fabric has weak antiviral activity against HSV-1 and
MHV. The mean values of Cu content determined by
the AAS method were 15.2 g/kg and 12.6 g/kg for
PET/Cu and CO/Cu fabrics, respectively. The antivi-
ral properties for Cu modified viscose nonwoven fab-
ric studies in this report showed different results. Cu

lower antiviral activity. The Cu modified viscose non-
woven showed weak antiviral activity only against
HSV-1 (Table 5), because according to the standard
18,184:2019, Textiles-Determination of antiviral
activity of textile products, good antiviral activity is
described as 3.0 >Mv >2.0 (Table 4).

Taking into account the possibility of using a
modified viscose nonwoven as a material which has
direct contact with the skin, cytotoxicity is an impor-
tant parameter to assess the material safety. Figure 9
shows the values of cell viability determined for both
pristine and Cu modified viscose nonwovens. The
results indicate that modified nonwoven has no sig-
nificant toxicity compared to both the control medium
and pristine nonwoven fabric (p >0.05).

These bioactive results indicate that the Cu con-
tent is not a determining factor in the effectiveness of
antiviral activity. The crucial issue is also the type of
modified textile structure. Cu coating has a different
thickness and in some longitudinal grooves, charac-
teristic for viscose fibers, (especially with greater
depth) the surface is not covered with copper (Fig. 3).
Effect of Cu deposition depends also on the position

Table 4 The antiviral activity values of M, (log reduction V /
Vy of Cu modified nonwoven fabric against VACV, HSV-1,
IFV and MHYV viruses. The control sample was pristine non-
woven

Sample My, Log reduction

PFU/ml PFU/ml TCID50/ml TCID50/ml
content (AAS) for Cu modified viscose nonwoven is VACV HSV-1 IFV MHV
22.2 g/kg. However, Cu modified viscose nonwoven
fabric characterized by higher content of Cu revealed ViCu 0 ! 0 0
Table 3 Antibacterial activity of Cu modified nonwoven fabric
Staphylococcus aureus Klebsiella pneumoniae
(ATCC 6538) (ATCC 4352)

Concentration of inoculum, CFU/ml 2.0x10° 2.0%x10°

*Growth value F—for the control sample (pristine) 1.70 1.74

F=lg C,—1g C, Ig C:—4.48 Ig C,:—4.88
IgC,--6.18 lg C,:—6.62

*Growth value G—for the test sample (Cu modified) 0.64 0.30

G=lgT,—1gT, g T, —1.94 lg T, —1.60
g T,:<1.30 g T, <1.30

*Value of antimicrobial activity A 4.24 5.02

A=F-G
Time and temperature of incubation

22 h+48 h (37+2 °C)

*Calculation method according to PN-EN ISO 20743 Determination of antimicrobial activity of finished products with antibacterial
finish. Assessment of antimicrobial activity according to EN ISO 20743:2013, app. F, where: 2 <A <3 significant, A >3 strong
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Fig. 9 Toxicity of tested nonwoven fabric based on MTT test

of the fibers in the structure of the nonwoven fabric in
their sputtered top layer. Moreover, only one side of
the nonwoven fabric was modified which may affect
the antiviral properties. The efficiency of the sputter-
ing process of nonwoven textile structures, character-
ized by spatial 3D structure, and surface availability
to Cu atoms play crucial roles in the antiviral prop-
erties of the modified samples. Therefore, bioactive
functionalization should take into account both the
properties of the modifier and the modified mate-
rial, including fibers surface morphology and fabric
structure. During the pandemic, many studies were
conducted on the activity of metallic coatings against
microorganisms, most often applied to flat surfaces
(resins, glass, Si wafers, etc.) (Hsu and Wu 2019;
Bhattacharjee et al. 2021). Moreover, in the case of
textiles used for protection against microorganisms
(e.g. masks, filters, clothing), a bioactive effective-
ness, safety and comfort of use should be reached.
The issue of optimally designing fabrics used as
anti-epidemic protection against SARS have been
well documented (Kwong et al. 2021). Compaction
and sealing of material structures used to protection
of the respiratory system caused the increase in air-
flow resistance and, as a result, discomfort and health
problems (Bhattacharjee et al. 2021).

Wettability and surface free energy

After modification the surface properties of Cu sput-
tered surface of the nonwoven fabric were changed.
The values of the contact angle (Table 5) increased
for water and formamide. The value of the surface
free energy y4 determined on the basis of the contact
angles is lower for the modified nonwoven fabric by
23.9%, which is mainly due to the decrease in the
value of the dispersion component ysd by 26.7%. The
value of the polar component y¢P increased 30-fold,
but still is very low of 0.60 mJ/m?. Examplary images
of water droplets on the pristine and Cu sputtered sur-
face of the fabric are shown in Fig. 10.

The apparent contact angle is defined as the angle
between the apparent solid surface and the tangent
to the liquid-fluid interface. For two-dimensional
systems there exists a correspondence between this
theory and measured contact angles. Research on the
wettability phenomenon has been going on for many
years and new models or improvements to existing
ones are proposed. Wenzel was the first to discuss
the influence of roughness on apparent contact angle
(Wenzel 1936). However, a more complex model
was needed for heterogeneous systems, which was
proposed by Cassie and Baxter (the Cassie—Baxter
equation) (Cassie and Baxter 1944). The wetting of
textiles even made of the same polymer is determined
by the surface topography, geometry of the elemen-
tary fiber and fabric structures. In the case of diver-
sified and spatial nonwoven structures, this issue is

| pristine VI/Cu

Fig. 10 Exemplary images of water droples on pristine and Cu
modified surface of nonwovens fabric

Table 5 The values of

Sample Contact angle ©, deg Surface free energy with dispersive
the contact angle and the and polar components, ymJ/m>
surface free energy

Oy O Oy Ys }’g 75

Pristine 118.2 87.3 0.0 20.50 20.48 0.02

VI/Cu 127.6 116.5 0.0 15.61 15.01 0.60
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complex. Using of the single fiber prepared from non-
woven fabric and Wilhelmy test may be an appropri-
ate method to assess fiber wettability, but the results
will be valid for fibers, not for nonwoven fabrics, like-
wise in the case of the Washburn methods (Cieslak
et al. 2012; Bahners and Gutmann 2020). On the
other hand, determining the contact angles by the ses-
sile drop method can be useful for comparative meas-
urements of samples to characterize the effects of sur-
face modification (Cieslak et al. 2012; Eid et al. 2018;
Peng et al. 2018; Kowalski et al. 2022). Viscose is
generally characterized by hydrophilic properties. In
the case of unmodified viscose needle-punched non-
woven fabric the water contact angle is of 118°, so
the nonwoven surface is hydrophobic. This is due to
the fact that the surface topography has a significant
impact on the value of the wetting angle. On solid,
homogeneous smooth surfaces, the component of
interactions with air is neglected and the solid—liquid
interactions dominate. In the case of this nonwoven
fabric (Fig. 1), there are significantly large air-filled
areas on the surface, and the solid-liquid contact area
is limited. A porous surface is a heterogeneous sur-
face formed by a solid and air. According to Cassie
and Baxter (Cassie and Baxter 1944), the cosine of
the contact angle of a heterogeneous surface corre-
sponds to the sum of the cosines of the contact angle
of two homogeneous surfaces—solid and air, depend-
ing on their mutual ratio. The Cassie and Baxter
equation has the form:

cos® = -1+ ¢ (1 + cos ®)

where @, is a fraction of the solid in contact with the
liquid. In the case of high porosity/roughness of the

surface, the value of fraction ¢, tends to zero, and ®'
tends to 180°.

Electrical properties

Although electret filters are used to air filtration and
purification, antistatic properties are expected in the
case of materials intended for personal masks or
clothing. The material susceptible to the accumu-
lation of static charge causes the deposition of con-
taminated dust particles and impairs the airflow and
comfort of use. The values of half decay time (ts;)
of nonwoven fabrics modified with Cu are lower
than 0.01 s and shielding factors (S) are above 0.95
(Table 6). According to standard PN-EN 1149-5:2018
Cu modified viscose nonwoven fabrics can be clas-
sified as an electrostatic dissipative because ts,<4 s
and additionally S>0.2. Moreover, the surface resist-
ance after the modification takes values of order 10°
Q (Table 6), thus the nonwoven also meets the second
alternative criterion of this standard—or the surface
resistance is<2.5%x 10° Q on at least one surface or
the surface resistance <2.5x10° Q on one surface
at least. The volume resistance after the modifica-
tion decreased by two or three orders of magnitude,
respectively for relative humidity of 25% and 50%
as a result of susceptibility of viscose fibers to water
sorption.

Comfort parameters

The comfort properties are essential for further
application in various protective textile products,
such as masks and clothes. The key parameters
are air permeability and water vapor permeability.

Table 6 Results of

. Sample Resistance Charge decay—induction method
resistance and charge decay
of pristine and Cu modified Surface Rg Q Volume Ry, Half decay time ts, s Shielding factor S
fabric
RH=25+5%; temp. 23 +2 °C
Pristine 1.66x10'° 7.80%10° 0.27+0.17 0.0
+0.11x 10" +0.47%x10°
VI/Cu 0,73x 10° 6.28x 107 <0.01 0.95+0,07
+0.13x10° +0.79x 10’
RH=50+2%; temp. 23+ 1 °C
Pristine 3.17x10° 1.11x10° 0.07+0.01 0.0
+0.10x10° +0.16x10°
VI/Cu 0.54x10° 9.80% 10° <0.01 0.97+0.01
+0.08x10° +0.68x10°
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Both parameters for viscose nonwoven fabric indi-
cate the sufficient comfort properties for protec-
tive textile materials. After the modification the
values of these parameters were not deteriorated.
The air permeability decreased slightly (about 8%)
(Fig. 11), as result of the slight changes in the layer
structure sputtered by Cu. The water vapor perme-
ability remained at the same level (Fig. 11).

Breathing resistance measurement

The tests of breathing resistance were carried out
to assess the possibility of using a modified viscose
nonwoven fabric as a filtering element for respiratory
protection devices (e.g. filtering half-masks). Table 7
shows a model of a face mask made of modified vis-
cose nonwoven fabric with a filtration area of approx.
150 cm? and obtained results of breathing resistance
test. It was found that the magnetron sputtering of
the viscose nonwoven with copper did not affect its
breathing resistance when the inhalation flow rate

o
N}

Fig. 11 The values of the 2000
air permeability and the

water vapor permeability

for pristine and Cu modified

nonwoven 1500

1000

Air permeability, mm/s

I3
f47)

pristine VI/Cu

#i '\

Water vapor permeability, g/m?Pa h

Table 7 Results of inhalation and exhalation airflow resistance of masks made of pristine and Cu modified viscose nonwoven fab-
rics. The image of the Mask and respirator breathing resistance tester (inset)

Sample Inhalation resistance, Pa Exhalation resistance, Pa
within 30 L/min within 95 L/min within 160 L/min

Pristine 6.7+0.2 285+1.1 439+1.2

VI/Cu 52+0.5 28.7+0.9 503=+1.1

@ Springer



9856

Cellulose (2023) 30:9843-9859

was 30 and 95 L/min. In the breathing resistance on
exhalation with the air flow of 160 L/min the 14%
increase was observed.

The values of the maximum permissible breathing
resistance (at a specific air flow) for a filter element
used in respiratory protective devices are specified in
the international standards EN 149-2001 4+ A1:2009.
Respiratory protective devices—Filtering half masks
to protect against particles—Requirements, test-
ing, marking, GB 2626-2019 Respiratory protec-
tion—Non-powered air-purifying particle respirator,
NIOSH 42 CFR Part 84-2019. Respiratory Protec-
tive Devices. Nonwovens were measured in accord-
ance with the EN 149-2001 + A1:2009 standard, in
which the maximum permissible resistance inhalation
within the air flow of 30 and 95 L/min, depending on
the protection classes, is in the range of 60—100 and
210-300 Pa, respectively. However, the maximum
permissible resistance exhalation at a flow rate of 160
L/min is 300 Pa.

Taking into account the above criteria and the
obtained results, it can be concluded that both pris-
tine and Cu modified viscose nonwoven meet the
requirements of breathing resistance for all protection
classes (FFP1, FFP2 and FFP3) specified in the EN
149-2001 standard. It should be noted that the breath-
ing resistance depends not only on the properties of
the filtering element, but also on the type of mask
(e.g. flat, folded, cup-shaped, 3D printed), and thus
on its proper fit and adherence to the face (Ramos
et al. 2022; Wang et al. 2022).

Conclusions

In this study, magnetron sputtering method is applied
for the first time to modify of the spatial 3-D viscose
needle-punched nonwoven fabric with copper. Cu
modified nonwoven is characterized by antimicrobial
activity, hydrophobic properties and high electrical
conductivity, good air and water vapor permeability,
and meets the requirements of breathing resistance for
all protection classes (FFP1, FFP2 and FFP3) speci-
fied in the EN 149-2001 standard. It also has no sig-
nificant toxicity compared to the control medium and
pristine nonwoven fabric. The current state of knowl-
edge regarding the efficacy of Cu-based nanoparti-
cles and materials functionalized with them shows
this way promising direction in the development

@ Springer

of antibacterial and antiviral surface coating. Our
research has shown that the spatial nonwoven struc-
ture made of regenerated cellulose fibers and one-side
sputtered with copper by magnetron technique has
an antibacterial effect against Gram-positive Staphy-
lococcus aureus (ATCC 6538) and Gram-negative
Klebsiella pneumoniae (ATCC 4352), but slightly
weaker compared to a flat cotton fabric with almost
two-fold lower copper content. In the case of herpes
simplex virus type 1 (HSV-1) McKrae strain, vaccinia
virus (VACV) WR strain (ATCC VR-1736), influenza
A virus HIN1 (IFV) (ATCC VR-1736) and mouse
coronavirus (MHV) JHV strain (ATCC VR-765) used
in the study, Cu modified nonwoven fabric has weak
activity against herpes simplex virus type 1 (HSV-1).
The antiviral effect depends not only on the copper
content, but also on the structure of textile material.
Our research so far has shown that different textiles
materials modified in the same way show different
activity against the same viruses. Effect of Cu sput-
tering depends inter alia on the position of the fibers
in the spatial 3-D structure of the nonwoven and their
aligment to sputtering target. The flat textile materi-
als with high density structure allow the formation
an uniform layer of copper, but if the structure is too
thight, such modification may increase their airflow
resistance. In turn, a loose, disordered spatial struc-
ture ensures good air and water vapor transport, but in
the case of sputtering or spraying methods, the bioac-
tive modifier may be applied unevenly. The design of
textile protective materials with antimicrobial prop-
erties should therefore take into account mentioned
aspects, which will be the subject of our further
research.
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