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A B S T R A C T

During the COVID-19 pandemic, face masks were the first line of defense against the spread of infection. 
However, infectious viruses may remain on medical textiles, potentially serving as an additional source of 
infection. Due to their chemical inertness, many textiles cannot be enhanced with antiviral functionalities. 
Through treatment with low-pressure gaseous plasma, we have activated the surface of a medical-grade melt- 
blown, non-woven polypropylene textile so that it can absorb sodium dodecyl sulfate, an antimicrobial surfac-
tant. Within two hours of contact time, the functionalized textile has been able to inactivate over 7 log10 PFU 
mL− 1 of bacteriophage phi6, a surrogate of enveloped viruses such as SARS-CoV-2, and it has retained its 
antiviral properties for over 100 days. The functionalized material has not disrupted facial mask filtration effi-
ciency or breathability. In addition, the in vitro biocompatibility testing in accordance with ISO 10993-5 for 
testing of medical devices has demonstrated that the selected formulation causes no adverse effects on the mouse 
fibroblast cell line L-929. With the treatment processes that have been completed within seconds, the method 
seems to have great potential to produce antiviral textiles against future outbreaks.

1. Introduction

On March 11th 2020, the World Health Organization (WHO) offi-
cially declared the COVID-19 pandemic due to concern about the spread 
and severity of the disease. SARS-CoV-2 was thought to be primarily 
transmitted from an infected person via aerosolized droplets, which 
prompted all nations globally to implement strict mask-wearing. Face 
masks of various grades have been shown to be able to limit the spread of 
pathogen-containing droplets [1]. Medical face masks are low cost and, 
when worn correctly, prevent at least 95 % (surgical face mask, type I) of 
droplets with an average size of >0.3 μm from reaching their opposite 
side [1]. They do so by either reflecting incoming water droplets or 
capturing them, thus preventing them from coming into contact with the 
wearer [2]. While such masks may be inconvenient for everyday use, 
they are currently the best solution our society has to limit airborne 
transmission of pathogens. The filtering of viral particles may be pretty 
efficient, but some viruses, including SARS-CoV-2, remain viable on 
personal protective equipment (PPE) for several days and could present 

an additional source of infection through prolonged use [2]. Indeed, the 
transmission by touching an infected mask and then eyes, mouth, or 
nose could directly transfer viral particles in close proximity to their 
respective host cells. The tendency of viruses to remain viable on sur-
faces and textiles has inspired much research aimed at developing 
antimicrobial surfaces. Non-woven polypropylene (PP) is one of the 
most common materials for producing medical masks and PPE. During 
the melt-blowing process, this thermoplast is melted and spun into fil-
aments randomly distributed in non-woven textiles, demonstrating good 
filtering properties. Polypropylene has many desired properties for 
constructing facial masks. It has one of the lowest densities of any 
polymer while not lacking in mechanical strength and durability. 
Polypropylene has been the substrate of choice for many antimicrobial 
surface applications due to its low cost and broad utility, but the ability 
to inactivate pathogens would be a definite improvement.

The primary approach to producing an antimicrobial textile is to 
functionalize it to effectively inactivate the targeted microorganisms (e. 
g., coating it with antimicrobial agents). These coatings can either 
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continuously release the antimicrobial substance or inactivate patho-
gens upon contact [3,4]. Another approach is to produce textiles that 
repel pathogens [5]. Such textiles do not inactivate the pathogens but 
prevent them from remaining on the textile and causing further in-
fections (Fig. 1). Reviews on various approaches to the synthesis of such 
materials and how they interact with microbes have been published 
[5–7].

Previously, antimicrobial PP has been prepared through functional-
ization with various compounds such as rose Bengal [8], chitosan 
[9,10], metal nanoparticles [11], N-halamines [12], quaternary 
benzophenone-based coatings [13], enzymes [14], and plant extracts 
[15,16]. Besides research approaches to develop new antimicrobial PPE, 
companies already have their antiviral masks on the market, containing 
metal oxides (e.g., Cupron – CuxO, Nexera – AgCu, Sonovia – ZnO) and 
other compounds (e.g., GSK – citric acid) with known biocidal action, 
demonstrating the maturity and readiness of the market to uptake such 
technologies [17]. Other advanced alternatives have been tested on non- 
polypropylene materials, such as non-woven polyamide 6 functionalized 
with negatively charged linear polyglycerol sulfate as a virus-binding 
functional group [18], covalently immobilized chlorine membranes 
made of polyurethane [19], TiO2 nanowires on filter paper [20], or 
antibacterial nanofibers prepared by a solution electrospinning method 
with hydrogen-bonded organic frameworks and poly(vinylidene 
fluoride-co-hexafluoro-propylene) [21].

Other approaches include coating with dermatologically approved 
biofunctional solidified commercial hand soap at the concentration of 
about 0.6 w/w %, as reported by Vicent et al. [22]. This treatment 
enabled 100 % inactivation of selected viruses within a minute after 
deposition. Takayama et al. [23] impregnated the non-woven filter 
textiles with two types of cranberry extracts and reported over 3 log 
reduction of SARS-CoV-2 after 1 min of contact as compared to un-
treated textiles. Maton et al. [24] functionalized polypropylene filters 
with a cyclodextrin (CD)-polycarboxylic acid-crosslinked polymer (PP- 
CD) through a pad/dry/curing process. The materials were then acti-
vated by padding in an alkyl dimethyl benzalkonium chloride (ADBAC) 
solution. The virucidal effect was probed with human coronavirus 
HCoV-229E, and the 3-log reduction was reported about 10 min after 
deposition.

Polypropylene is chemically resistant and exhibits low surface en-
ergy, which is ideal for repelling incoming droplets potentially con-
taining pathogens. On the other hand, its hydrophobic nature makes it 
difficult to modify through additional treatment. PP needs to be pre- 
treated to increase its surface-free energy, overcome its chemical 
inertness, and make it better suited for dyeing, bonding, wetting, etc. 
This can be achieved by applying an oxidizing flame, chemical oxidation 
(e.g., chromosulfuric acid), or an electrical discharge, i.e., plasma 
treatment [25]. Every method has its advantages and shortcomings, but 
when rapid, efficient, and sustainable treatment of textiles is needed, 
low-temperature (cold) plasma is preferred [26]. Plasma can be used as 
a technology to prepare surfaces with active (antimicrobial) coating, 
repelling coating, or nanostructured morphology (Fig. 1). Besides 
tailoring surface properties, gaseous plasma can be used as a sterilization 
technology to actively inactivate microbes on textile materials (Fig. 2).

Plasma is an ionized gas, usually sustained by an electric field. 

Besides free electrons and ions, it contains many other reactive species 
like neutral atoms, metastable molecules, and photons. Plasma species 
react with the surfaces of materials, causing their modification, so 
plasma treatment is an ideal technique for tailoring the surface prop-
erties of materials. Selecting appropriate discharge parameters and 
experimental configuration makes treating the materials at room tem-
perature and under controlled conditions possible. Low-pressure 
plasmas can be generated in large volumes and are suitable for large- 
scale industrial applications. Required treatment times can be very 
short in the order of seconds. Low-pressure plasma requires a vacuum 
system, but otherwise, the treatment costs can be low enough to make it 
the ideal method to improve the wettability of hydrophobic materials. 
An alternative to low-pressure plasmas is atmospheric-pressure plasmas 
sustained by corona or dielectric barrier discharges. However, the fila-
mentary character of such discharges can cause less uniform surface 
treatment on the microscopic scale. Plasma techniques suitable for 
making polymers antiviral were reviewed by Ma et al. [27]. Cold plasma 
has been previously used to enhance PP for improved cesium absorption 
[28], antimicrobial activity [14,29–31], dye removal [32], membrane 
separation [33,34], and improved hemocompatibility [35].

With improved textile wettability, polar solutions of known antimi-
crobial compounds can be effectively applied to medical-grade materials 
at sufficient concentrations to inactivate viruses while being entirely 
safe for the wearer. One such compound is sodium dodecyl sulphate 
(SDS), an anionic surfactant present in everyday household products 
ranging from detergents to cosmetics [36]. It consists of a polar sulphate 
group and a nonpolar hydrocarbon tail and exhibits microbiocidal 
properties by disrupting the lipid envelope or causing protein denatur-
ation, which may result in virus inactivation. [37,38]. Its cytotoxicity is 
not definitively known; however, it is presumed safe in concentrations 
below 1 % [39]. In this work, we used low-pressure gaseous plasma to 
improve the wettability of the PP outer layer of medical masks and 
impart antiviral properties to them using SDS. Antiviral activity was 
evaluated in accordance with the ISO 18184:2019 standard [40] using 
bacteriophage phi6 as a surrogate of enveloped viruses such as SARS- 
CoV-2 [41] and aging was assessed. We have also characterized the 
material following international standards in terms of cytotoxicity (ISO 
10993-5:2009, [42]), breathability, and viral filtration (EN 14683:2019 
+ AC:2019, [43]).

2. Materials and methods

2.1. Preparation of antiviral polypropylene textiles

Medical-grade melt-blown, non-woven polypropylene (PP) and melt- 
blown polyethylene terephthalate (PET) fabric, which are used to 
construct commercial masks, were obtained from the company Omega 
Air (Omega Air d.o.o., Ljubljana, Slovenia). The PP layer serves as the 
outer and inner layer, while PET is the filtering middle layer, which was 
only used for the mask construction and was not further modified. 
Disinfected scissors were used to cut squares from the fabric roll to 
prepare smaller samples of PP for further treatment. For studying anti-
viral activity, aging, and inactivation kinetics, PP samples were cut into 
2 cm × 5 cm pieces and were treated in a small vacuum system where 
the plasma was sustained by an inductively coupled radiofrequency (RF) 
discharge (details of the plasma systems are presented below). For 
breathability, filtration efficiency, and mask antiviral activity, the PP 

Fig. 1. Methods to inactivate microbes on textile materials using plasma as a 
technology for surface pre-treatment to coat a surface with an antimicrobial 
agent (a), nanostructure a surface (b), or prepare a repelling coating.

Fig. 2. Using plasma as an active technology for disinfection/sterilization.
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samples were cut into 10 cm × 10 cm size and treated in a larger system 
with almost identical fluence of neutral oxygen atoms. The 10 cm × 10 
cm samples were further cut into 3 cm2 pieces for the biocompatibility 
test. Three-layered medical masks were constructed for viral filtration 
and breathability tests by joining the two PP layers (outer and inner) 
with PET (middle) from the same manufacturer. To prepare the antiviral 
PP layer, PP was functionalized with SDS after plasma treatment.

A 100 mM stock solution of SDS (Sigma-Aldrich, USA) was prepared 
with MilliQ water, sterilized by filtration (0.2 μm pore size), and pH 
adjusted to 7.2. After the plasma treatment of PP, three different SDS 
dilutions were applied to the sample. The dilutions were 1 %, 0.25 %, 
0.1 %, and 0.05 % (w/w %), which denotes the weight of applied SDS 
per weight of material expressed as a percentage (e.g., 10 μg of SDS per 
1 mg of PP is 1 % SDS). The desired amount of SDS was applied in a 2 μL 
volume per mg of material by distributing it evenly on the cut material 
with a pipette and left to dry at room temperature for 1 h. The control 
received the same volume of MilliQ water. Several additional samples 
were prepared and individually placed in Eppendorf tubes to be stored in 
the dark at room temperature and later used to evaluate the textile’s 
antiviral durability (i.e., aging).

2.2. Small plasma device

Plasma treatment of materials for studying viral inactivation was 
performed in a radiofrequency inductively coupled plasma (RF ICP), 
shown in Fig. 3.

The system comprises a borosilicate glass discharge tube (inner 
diameter of 36 mm and length of 750 mm) evacuated with an Edwards 
E2M80 (Edwards, USA) two-stage pump. A 2 cm × 5 cm material was 
placed in the middle of the RF plasma coil (glow region), and the system 
was evacuated via a vacuum pump down to a base pressure of 1 Pa (0 
sccm O2). Plasma was ignited in either base pressure (predominantly 
water vapor) of ~1 Pa or was supplied with 5 sccm or 30 sccm of O2 to a 
final pressure of 4.5 Pa and 12.9 Pa, respectively. The material was 
treated in E-mode plasma sustained at an applied power (Wreal) of 10 W 
or 13 kW/m3 of plasma. The small plasma device had a glowing plasma 
volume of approximately 0.00075 m3. The treatment time varied be-
tween 1 and 10 s. The discharge is sustained with a Cesar 1310 RF 
generator (Advanced Energy, USA) operating at 13.56 MHz, connected 
to a water-cooled 6-loop copper coil and an Advanced Energy Vari-
oMatch (Advanced Energy, USA) impedance matching network. Gas 
flow was adjusted with the Aera FC-7700 (Advanced Energy, USA) mass 
flow controller, and the pressure was measured with an absolute 
capacitive pressure gauge (MKS Baratron, Type 722A, USA). The power 
applied to the system is consistently cited as the difference between the 
input or forward and reflected power, denoted as Wreal. After plasma 
treatment, the textile samples were exposed to air at ambient conditions, 
and appropriate SDS concentrations were applied. After drying at 
ambient conditions for 2 h, a hole-punch was used to cut small circles of 
material (5 mm diameter, 1 mg weight), which were placed in either a 

96-well microtiter plate (Corning Costar, ultra-low attachment surface 
3474) for antiviral activity experiments or individually placed in 
Eppendorf tubes to be stored in the dark at room temperature for later 
use to evaluate the textile’s antiviral durability, i.e., aging.

2.3. Large plasma device

Larger PP pieces (10 cm × 10 cm) of PP were treated in an industrial- 
size plasma system with a borosilicate glass discharge tube measuring 
200 cm in length and 19 cm in inner diameter. The material was placed 
in the middle of the copper coil surrounding the glass tube and evacu-
ated to a base pressure of ~1 Pa (0 sccm O2) with a two-stage rotary 
pump Leybold Trivac D65B, with a nominal pumping speed of 65 m3 

h− 1. Oxygen was supplied in the tube with Area FC7700 mass flow 
controller (Advanced Energy, USA) to reach 15 Pa, after which the 
plasma was ignited. The plasma was generated by a five-turn bifilar 
excitation coil connected to a 27.12 MHz RF generator (UHFG-8, 
Induktio, Slovenia) through an L-type impedance matching network, 
using the real power of 1.7 kW and the plasma treatment time of 1 s 
enabled optimal wettability of the PP samples. The 1-s treatment pro-
vided approximately the same fluence of neutral oxygen atoms as the 10- 
s treatment in the small plasma reactor (see Table 1). After the plasma 
treatment, the sample was exposed to air at ambient conditions, and 2 μL 
of appropriate SDS dilution per mg of material was pipetted evenly on 
the material and left to dry at room temperature for 3 h. Subsequently, 
we could proceed with the experiments (e.g., VFE, virus inactivation on 
masks, breathability, and biocompatibility).

2.4. Measurements of neutral oxygen atoms and small/large plasma 
system comparison

As already stated, several characterization methods require larger 
samples, which had to be prepared in a bigger plasma setup. To provide 
adequately plasma-treated surfaces when moving from the smaller to 
the bigger reactor, we measured the density, flux, and fluence of neutral 
oxygen atoms (Table 1), the main acting plasma particles in our plasma 
reactor configurations and gas. We used catalytic probe measurements 
to determine the density of neutral oxygen atoms in both reactors [44]. 
Briefly, the probe acts as a precise temperature-sensing device with a 

Fig. 3. Schematic representation of textile treatment with ’small’ (dimensions on the left) and ’large’ (dimensions on the right) RF plasma device.

Table 1 
O-atom density (nO), flux, and fluence applied to the textile material in two 
different plasma systems.

Plasma device Small plasma system Large plasma system

Pressure (Pa) 4.5 15
Applied power density (kW m− 3) 13 30
nO (× 1020 m− 3) 1.7 ± 0.25 15 ± 2.5
O-atom flux (× 1022 m− 2 s− 1) 2.6 ± 0.4 23 ± 3
O-atom fluence (× 1023 m− 2) 2.6 ± 0.4 2.3 ± 0.3
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round tip made of a catalytic material (metal oxide for neutral oxygen 
atoms) that promotes an exothermic reaction of neutral oxygen recom-
bining with oxygen molecules, leaving the probe’s surface. These re-
actions heat the probe tip, making it possible to determine the influx of 
the recombined plasma particles. Ions have a minimal effect on heating 
because plasma is weakly ionized and has low power. More about the 
catalytic probes and their use is described elsewhere [44,45]. Cobalt was 
used as the catalytic material for these particular measurements. The 
probe tip was a round disc of 3 mm in diameter and 50 μm thick and was 
activated prior to measurements, i.e., oxidized in oxygen plasma so that 
a stable oxide film was formed on the tip’s catalytic surface. The flux and 
fluence of the best treatment in the small plasma setup at 4.5 Pa total 
pressure and 5 sccm of oxygen were used as a reference to tweak similar 
flux and fluence in the big plasma setup. As evident from Table 1, the 
density and flux of neutral oxygen atoms in the big plasma setup were 
roughly an order of magnitude larger compared to the small plasma 
setup. That is why the treatment times were adjusted and were 10 times 
shorter in order to treat larger samples with the same fluence as the 
smaller samples: 2.6 × 1023 neutral oxygen atoms/m− 2 in the smaller 
reactor in 10 s versus 2.3 × 1023 oxygen neutral atoms/m− 2 in the large 
reactor in 1 s. The measurements confirmed that both samples were 
similarly treated from the plasma point of view, which was also evident 
by the efficient absorption of the SDS solution in the treated material.

2.5. Surface analysis

The wettability of PP samples treated in the small plasma setup was 
evaluated by depositing a small water droplet and measuring the water 
contact angle (WCA) with the Drop Shape Analyser DSA 100E (Krüss 
GmbH, Germany). A static contact angle was measured using a sessile 
drop method and MilliQ water. Within a minute after plasma treatment, 
a 2 μL MilliQ water droplet was deposited on the material, with at least 
three droplets per sample deposited at different locations. The WCA was 
measured 10 s after its deposition, and an evaluation was performed in 
triplicates.

Modification of the surface composition of PP textiles before and 
after plasma treatment in the small system was investigated by X-ray 
photoelectron spectroscopy (XPS). Samples were characterized by an 
instrument model called TFA XPS (Physical Electronics, Munich, Ger-
many). The samples were irradiated with monochromatic Al Kα1,2 ra-
diation with a photon energy of 1486.6 eV. The diameter of an analysis 
area was approximately 400 μm. Photoelectron spectra were measured 
at an electron take-off angle of 45◦. Survey spectra were measured at a 
pass energy of 187 eV using an energy step of 0.4 eV, whereas high- 
resolution C1s spectra were measured at a pass energy of 29.35 eV 
using an energy step of 0.125 eV. Because the samples are insulators, an 
additional electron gun was used to compensate for the accumulated 
surface charge during irradiation with X-rays. Measured spectra were 
analyzed using MultiPak v8.1c software supplied with the spectrometer. 
Shirley-type background subtraction was applied. High-resolution 
spectra were fitted with Gauss-Lorentzian functions.

2.6. Viral inactivation on PP and aging

Determination of virus inactivation of functionalized PP samples (i. 
e., treated with the small plasma device) was done by adhering to the 
ISO 18194:2019-Determination of antiviral activity of textile products 
guidelines [40] and implementing the spot-titer culture assay method-
ology described by Beck et al. [46]. A 2 μL of viral stock solution 
(working concentration ~ 107 PFU mL− 1) was placed on the small textile 
circles (diameter of 5 mm) and incubated for 2 h, as per the ISO stan-
dard. Following the 2-h incubation period, 200 μL of SM buffer was 
added to the sample, and a 1:4 serial dilution was performed with 50 μL 
sample being added to 150 μL of SM buffer repeatedly. To evaluate the 
binding of viruses to the treated material, the viral samples were also 
placed on plasma pre-treated samples, with the SDS solution exchanged 

for MilliQ water. Virus inactivation was determined as described below 
(section Infectivity assays). All measurements were performed in 
triplicates.

The treatment’s durability was performed weekly using treated 
materials stored at room temperature to evaluate if functionalized PP 
retains its antiviral activity in time (i.e., aging). Additionally, the time- 
dependent inactivation of viruses was examined by exposing the virus to 
treated material with the lowest (0.1 w/w %) SDS concentration for 0.5, 
1, or 2 h and quantifying the amount of inactivated virus, as explained 
above.

2.7. Infectivity assays

All antiviral assays (virus inactivation on PP and masks) were per-
formed using bacteriophage phi6 (DSM 21518) and its host bacteria 
Pseudomonas syringae van Hall 1902 (DSM21482). For determination of 
virus inactivation, 200 μL of overnight P. syringae bacterial culture, 
grown in liquid TSB (30 g L− 1 TSB, 1.93 g L− 1 MgCl2) was used to 
inoculate 5 mL of liquid ‘top agar‘(30 g L− 1 TSB, 7 g L− 1 agar, 1.93 g L− 1 

MgCl2), mixed and poured over the agar plates (30 g L− 1 TSB, 15 g L− 1 

agar, 1.93 g L− 1 MgCl2), and left to solidify. These plates were then 
inoculated with 4–5 drops of 10 μL volume of virus sample dilutions and 
incubated at 25 ◦C overnight. The following day, the plaques were 
counted, and virus concentration/inactivation was calculated as follows: 
Inactivation (log10 PFU mL− 1) = log10C – log10S, where C is the virus 
concentration in the control sample, and S is the virus concentration 
after the incubation with the SDS.

2.8. Biocompatibility in vitro

The potential cytotoxic activity and biological reactivity of the PP 
samples treated with a large plasma device and coated with 1 %, 0.25 %, 
or 0.1 % SDS were evaluated in vitro, according to the International 
Standard ISO 10993-5, Biological evaluation of medical devices - Part 5: 
Tests for in vitro cytotoxicity [42]. Samples were prepared in accor-
dance with ISO 10993-12, Biological evaluation of medical devices - Part 
12: Sample preparation and reference materials (ISO 10993-12) [47]. 
Five pieces of treated textile were cut into 3 cm2 pieces and extracted in 
a complete growth medium (MEM supplemented with 10 % FBS, 4 mM 
L-glutamine, 0.11 mg mL− 1 sodium-pyruvate, 100 IU mL− 1 penicillin, 
and 100 μg mL− 1 streptomycin) at a concentration of 3 cm2 mL− 1 with 
shaking for 24 ± 1 h at 37 ◦C, 5 % CO2, for. A vehicle control (VC, 
complete cell culture medium incubated under extraction conditions), a 
negative control (NC, fresh complete cell culture medium), and a posi-
tive control (PC, 5 % DMSO) were included in the experiments. Three 
independent experiments with five replicates were performed. Graded 
concentrations (100 %, 50 %, and 25 %) of the extracts, prepared by 
dilution in VC, were tested. Sample controls (plasma-treated PP and 
receiving the same volume of MilliQ water, plasma-treated PP without 
any coating, and untreated polypropylene) were also included.

The mouse fibroblast cell line L-929 (NCTC clone 929 [L cell, L-929, 
derivative of Strain L] (ATCC® CCL-1™)) was used as the test system. 
Cells were seeded on 96-well plates at a density of 10000 cells/well and 
allowed to adhere overnight. The next day, the cell medium was 
replaced with graded concentrations of the sample extracts. Cytotoxicity 
was assessed after 24 ± 1 h of exposure using the 3 (4,5 dimethylthiazol- 
2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay. Samples were 
considered cytotoxic if L929 cell viability was reduced by >30 % in the 
MTT test. Biological reactivity was evaluated by light microscopy (see 
Supporting Information Fig. S4) after 24 ± 1 and 48 ± 1 h of exposure 
and graded on a scale of 0 to 4 as described in ISO 10993-5. Samples 
were considered biologically reactive if they induced morphological 
changes that were rated higher than Grade 2, which is defined as up to 
50 % of cells with morphological changes (roundness, devoid of intra-
cytoplasmic granules, lysed) or up to 50 % reduction in cell growth. The 
GraphPad Prism 9 program (GraphPad Software, San Diego, CA, USA) 
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was used for statistical analysis (ANOVA and P ≤ 0.01 was considered 
significant) data visualization.

2.9. Viral filtration efficiency and virus inactivation on masks

To evaluate if masks retain their filtration capabilities, VFE tests 
were performed in accordance with the EN 1483:2019 + AC 2019 
(Medical face masks. Requirements and test methods) as previously 
described [48]. Briefly, three 10 cm × 10 cm pieces of PP were treated 
with the large plasma system, coated with 0.1 % SDS, and joined with a 
middle PET layer and an untreated outer PP layer to construct three- 
layer medical masks. VFE tests were performed on three masks with 
(treated mask) or without the functionalized layer (untreated mask) 
fixed in the VFE system and exposed to 13 μL of aerosolized phi6 virus- 
containing droplets, with the initial concentration of 7 log10 for 1 min, 
followed by 2 min of airflow. A positive control was performed before 
and after each set of three masks, in which no mask was fixed in the 
system. All filtration experiments were conducted by suction through 
the mask, which resulted in an airflow of 10 L min− 1. An impinger (SKC, 
Dorset, UK) containing 10 mL of peptone water was used to collect 
droplets that were not stopped by the mask, from which virus concen-
tration was determined as described above. Furthermore, the procedure 
was expanded to also evaluate the number of surviving viruses on the 
material after the filtration assay. After the sample underwent the 
testing process, the layer made from plasma-treated PP incubated with 
SDS was removed from the device, placed in a 50 mL falcon tube, and 
incubated in the dark for 2 h. After incubation, 10 mL of SM buffer was 
poured into the falcon tube, vortexed, and used for subsequent viral 
quantification assay, as described in the section Infectivity assays.

2.10. Breathability

Breathability tests were performed at Lotrič Meroslovje d.o.o. com-
pany (Slovenia) in accordance with EN 14683:2019: Medical face masks 
– requirements and test methods standard [43]. Briefly, the constructed 
masks were fitted onto the test apparatus, which measures the differ-
ential pressure required to draw air through the filtering sample fixed on 
a holder with a diameter of 25 mm. The airflow was kept constant at 8 L 
min− 1 in standard conditions. Three samples were tested per treatment, 
with five measurements per sample.

3. Results and discussion

3.1. Characterization of surface properties of plasma-treated non-woven 
polypropylene

The PP textiles were treated in either the small- or large-scale RF 
plasma reactor (see Experimental section), and the wettability was 
probed by measuring the water contact angle (WCA) within a minute 
after plasma treatment.

Fig. 4 shows the wettability improvement of non-woven PP after 
plasma treatment. When plasma was ignited at 0 sccm O2 (1 Pa), a 
complete PP sample’s wettability (i.e., immeasurably low WCA) was 
achieved already after 7 s of treatment time. The addition of small 
amounts (5 sccm) of oxygen to the plasma reactor enhanced treatment 
efficiency because an initial drop in the value of the contact angle 
appeared at a shorter treatment time. Namely, the WCA well below 10◦

was observed already after 3 s of plasma treatment, as shown in Fig. 4. 
However, complete wettability was obtained after a similar duration of 
treatment (i.e., 7 s). When the amount of oxygen added to the plasma 
reactor was increased to 30 sccm, it failed to reach the same effect. A 
large statistical error is observed for some measured points in Fig. 4, 
which was determined by calculating the standard deviation, consid-
ering several measurements on the same sample but at different loca-
tions. The error bars are particularly large for samples of moderate WCA 
(between 20 and 80◦). The water droplet was absorbed in the textile at 

certain locations, but at others, it remained on the surface for a long 
time. The conclusion was that the ability of the plasma-treated PP 
samples to absorb the water droplet depends on small details, and it is 
not gradual. Since 10-s treatments provided beneficial WCA, this was the 
chosen treatment time for further experiments.

To disclose more information about the modified surface of plasma- 
treated PP, a comparison of high-resolution carbon C1s spectra of 
samples treated for 10 s is displayed in Fig. 5. As expected for PP, the 
untreated sample shows one symmetrical peak corresponding to C − C/ 
C − H bonds. For plasma-treated samples, a typical tail is observed on 
the high binding energy side due to the formation of oxygen-functional 
groups during plasma treatment, as shown in Supplemental materials. A 
significant difference is observed when comparing plasma treatment at a 
base pressure (water vapor) or in oxygen – the subpeak at approximately 
289 eV, which corresponds to O=C − O (carboxyl or ester groups), is 
more pronounced for O2 plasma treatment for 10 s. This means that 
oxygen plasma treatment at a rather low flow rate leads to higher 
amounts of highly polar functional groups, such as O=C − O groups, on 
the surface of the PP textiles.

XPS results in Table 2 further corroborate these findings. The 

Fig. 4. Wettability of polypropylene textiles versus the treatment time. The 
water contact angle was measured within a minute after treatment in plasma 
sustained in the discharge chamber during the introduction of oxygen at 
different flow rates.

Fig. 5. Comparison of XPS C1s spectra of PP samples treated for 10 s.
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percentage of oxygen in the layer of the PP material, as probed by XPS, is 
lower for treatment at 0 sccm O2 than in 5 sccm O2 treatment, although 
the wettability of the sample treated at 0 sccm O2 is as good as for the 
sample treated at 5 sccm O2 for the same time (7 s). Furthermore, the 
oxygen concentration in the surface film of the PP fibers (as probed by 
XPS) treated at 30 sccm O2 for 7 s is as large as for samples treated at 
lower gas flows. A detailed explanation of this paradox is beyond the 
scope of this article. However, a brief explanation is provided: The XPS is 
a surface-sensitive method for material characterization, so it detects 
only the composition on the surface of the fibers on the top of the textile- 
facing plasma. On the other hand, super-hydrophilicity (i.e., absorption 
of the water droplet inside the textile and thus immeasurably low WCA) 
is obtained only if the fibers inside the textiles are also functionalized 
with polar functional groups. The penetration of plasma radicals, which 
cause the functionalization of the polymer fibers inside porous materials 
such as textiles, depends on the diffusion, which depends on the pres-
sure. If the pressure is increased, the diffusion is suppressed, so the 
penetration of radicals into the textile is poor. Primc et al. explained the 
penetration of radicals in textiles in detail [49]. The wettability is also 
improved by absorption of VUV radiation, which causes bond scission 
and, thus, oxidation of the polymer fibers’ surface even in the absence of 
plasma radicals such as O atoms. The intensity of VUV radiation in-
creases with decreasing pressure [50] because the electron temperature 
in non-equilibrium plasma increases with decreasing pressure. Finally, 
the exothermic surface reactions increase with increasing pressure. The 
density of reactive species that cause exothermic reactions increases 
with increasing pressure in the range of pressures up to about 100 Pa 
[51]. The polar surface functional groups are unstable but tend to 
reorient towards the bulk spontaneously at elevated temperatures [52]. 
The treatment of fibrous polymer material at elevated pressure causes 
increased temperature of fibers on the surface of the polypropylene 
textile, rapid re-orientation of the oxygen-containing functional groups, 
and thus the loss of the wettability despite the high concentration of 
oxygen in the surface film of the PP fibers as revealed from XPS spectra. 
The heating increases with increasing treatment time, which explains 
the rather unexpected minimum on the curve for 30 sccm oxygen flow in 
Fig. 4. In light of these arguments and obtained results, the materials 
used for antiviral studies were treated with oxygen plasma supplied at 5 
sccm for 10 s to ensure complete wettability of treated samples before 
the application of appropriate SDS concentrations.

A detailed explanation of how plasma interacts with the surface of PP 
textiles, resulting in changes in surface chemical composition and 
physical structure, should take into account all reactive species that 
come in contact with the polymer surface. Plasma sustained at low 
pressure in oxygen or residual atmosphere (predominantly water vapor 
in hermetically tight systems) is a source of free electrons, positively and 
negatively charged ions, neutral radicals, and radiation. The exact 
mechanisms of interaction between oxygen or moist oxygen plasma with 
polyolefins is still a subject of scientific interest and recent results reveal 

complex surface reactions [53–55].
In our case, the samples are always at a floating potential, so the 

textile surface assumes a negative charge against the plasma potential. 
The surface negative charge prevents all negatively charged ions from 
reaching the textile. The electrons from the high-energy tail of the dis-
tribution function will reach the surface because their kinetic energy in 
plasma is higher than the potential drop across the sheath between the 
plasma and the sample surface. Still, the plasma electrons are retarded 
by the negative surface charge, so their kinetic energy when impinging 
the polymer surface is marginal. On the other hand, the negative surface 
charge will attract positively charged ions and they will be accelerated 
when passing the sheath. The mean free path between collisions at the 
pressure of 10 Pa is roughly 1 mm, and the sheath thickness in weakly 
ionized plasma is similar, so many ions will bombard the polymer sur-
face with the kinetic energy that corresponds to the plasma-to-floating 
potential. The positively charged ions will cause bond scission and 
thus modify the surface properties of the polymer. Their penetration 
depth will be up to a few monolayers only, so their effect is limited to the 
very surface.

On the other hand, the radiation arising from plasma will penetrate 
deeper than the positively charged ions. Low-pressure plasma is an 
extensive source of radiation, and the radiation in the VUV range is 
usually predominant [56]. The VUV radiation will cause bond scission in 
the surface film and thus provide dangling bonds for neutral radicals. 
The latter do not feel the potential within the sheath, so they will 
impinge the surface with a marginal kinetic energy. They are, however, 
chemically reactive and interact with the polymer even in the absence of 
VUV radiation [57]. The OH radicals, which are formed in plasma in the 
residual atmosphere by dissociation of water vapor molecules, have a 
high oxidation potential and will interact extensively with the polyolefin 
surfaces by subtraction of hydrogen and thus formation of a dangling 
bond, which will be occupied by another OH radical of oxygen atom to 
form a polar functional group [58]. The combined effect of the positively 
charged ions, VUV radiation, and the radicals is the surface chemical 
composition, as shown in Table 2, and the wettability, as shown in Fig. 4.

3.2. Virus inactivation on plasma-treated polypropylene textile

Following plasma treatment, the PP samples underwent an impreg-
nation procedure with different SDS solutions. The final concentration of 
SDS on the material is expressed in w/w % (e.g., 10 μg of SDS per 1 mg of 
PP is 1 % SDS). The results of virus inactivation assays are presented in 
Table 3. SDS interacts with the lipid envelope and viral proteins, which 
either disrupts the viral structure entirely or merely produces confor-
mational changes of key structures to render the virus unable to infect its 
host (i.e., inactivated virus). Even 0.1 w/w % of SDS, applied to plasma 
pre-treated textiles, was able to effectively inactivate high concentra-
tions of phi6, i.e., 6 log10 PFU mL− 1, following a 2-h incubation period. 
The inactivation efficiency lowered with the reduction in SDS concen-
tration (0.05 %), resulting in inactivation of only 1.6 log10 PFU mL− 1 of 
phi6.

Any materials may lose their functional properties upon storage 
because of irreversible reactions. In the case of plasma-pretreated tex-
tiles, the reactions may include the chemical interaction of plasma- 

Table 2 
Percent of carbon and oxygen content of plasma-treated non-woven poly-
propylene material (XPS spectra fitting can be found under Supporting Infor-
mation, Figs. S1, S2, and S3).

Sample C O C − C C −
O

C=O O=C −
O

Untreated PP 95.9 ± 0.5 4.1 ± 0.5 100.0
Base pressure, 

7 s
84.5 ± 0.4 15.6 ± 0.4 77.7 14.8 5.0 2.5

Base pressure, 
10 s

80.7 ± 0.3 19.4 ± 0.3 76.5 14.2 6.6 2.6

5 sccm O2, 7 s 79.8 ± 0.6 20.2 ± 0.6 79.1 10.6 5.6 4.7
5 sccm O2, 10 s 75.3 ± 0.9 24.7 ± 0.9 71.0 16.5 6.4 6.1
30 sccm O2, 7 s 80.8 ± 0.5 19.2 ± 0.5 72.7 16.3 5.7 5.4
30 sccm O2, 10 

s 82.9 ± 0.7 17.1 ± 0.7 73.1 16.2 5.0 5.7

Table 3 
Antiviral activity of various SDS concentrations (w/w %), applied to poly-
propylene treated with plasma for 10 s.

Sample (n = 3) Virus conc. (Log10 PFU mL− 1)

Control 6.72 ± 0.02
Plasma pre-treated PP 6.70 ± 0.39
1 % SDS 0a

0.25 % SDS 0a

0.1 % SDS 0a

0.05 % SDS 5.11 ± 0.11

a When no plaques were present, the viral concentration is presented as 0;
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modified polymer surfaces with adsorbed reagents. In order to deter-
mine the treatment durability of functionalized PP, i.e., whether it re-
tains its antiviral activity in time, we stored samples in the dark at 
ambient conditions and tested their antiviral activity every few days/ 
weeks, with the first test performed 7 days after deposition of the anti-
viral agent. Altogether, 7 measurements were done, and, in all cases, no 
plaques were observed, except at the last point of testing (125th day), 
where some plaques were present on plates with the lowest SDS con-
centration (Fig. 6). Nevertheless, inactivation for over 6 orders of 
magnitude was determined at all tested SDS concentrations, which is an 
excellent antiviral performance.

Some PP samples were also incubated with viruses for times shorter 
than 2 h. Fig. 7 shows the inactivation rate of phi6 virus exposed to PP 
with 0.1 % SDS. The initial virus concentration (approx. 108 PFU mL− 1) 
is in the upper range of what a natural exposure to a virus would be [59]. 
Incubation for 30 min causes the decrease of the infective viruses by 
about 4 orders of magnitude, while after an hour, the concentration of 
infective viruses fell below the detection limit. This experiment confirms 
that antiviral activity is rapid and effective for the studied virus. The 
results are highly reproducible since the error bars are marginal for all 
measured values in Fig. 7.

The wettability after plasma treatment of PP and after applying 
different SDS solutions was also studied. After applying 0.05, 0.1, 0.25, 
and 1 % SDS solutions to plasma-treated PP, the samples were dried at 
ambient conditions (25 ◦C, 50 % relative humidity); thereafter water 
droplets were re-applied. It was found that the surface remained super- 
hydrophilic, i.e., it immediately absorbed a water droplet. Therefore, we 
measured water droplets’ absorption times, which are shown in Table 4.

The SDS concentration influences the speed of absorption, which can 
be explained by its surfactant properties. The higher the SDS concen-
tration, the more pronounced the ability of SDS-applied PP to stretch a 
droplet.

3.3. Biocompatibility in vitro

The biocompatibility (cytotoxicity and biological reactivity) of the 
PP samples treated with 1 %, 0.25 % and 0.1 % SDS was evaluated in 
vitro in the L929 mouse fibroblast cell line, according to ISO 10993-5 
[42], which describes test methods to assess the in vitro cytotoxicity 
of medical devices and is used in the evaluation process of medical de-
vices, including face masks and materials intended for the production of 
face masks. The results of the cytotoxicity testing (Fig. 8) showed that 
the sample with 1 % SDS was cytotoxic for L929 cells, reducing cell 
viability by >30 %, whereas a lower concentration of SDS did not induce 

cytotoxicity. None of the tested sample controls (plasma-treated PP and 
receiving the same volume of MilliQ water, plasma-treated PP without 
any coating, and untreated PP) were cytotoxic for L929 cells.

SDS is known to cause eye and skin irritation and may cause respi-
ratory irritation. However, it is commonly used in cosmetics and 
cleaning products and even added to food in low concentrations [36]. A 
cytotoxic SDS concentration of around 100 μg mL− 1 was recently re-
ported for L929 cells [60]. Assuming a complete SDS elution from 3-cm2 

samples into the growth media, the final SDS concentrations of 1 %, 
0.25 %, and 0.1 % samples would be 153 μg mL− 1, 38.25 μg mL− 1, and 
15.3 μg mL− 1, respectively. Thus, the 50 % and 25 % SDS dilutions of 1 
% material would contain 76.3 μg mL− 1 and 38.25 μg mL− 1, respec-
tively. This coincides with the results reported by [60], where SDS 
concentrations between 80 and 100 μg mL− 1 resulted in minor cyto-
toxicity towards cells, and below 60 μg mL− 1, no adverse effects were 
observed. Our results also indicated this, as none of those samples were 
cytotoxic. Therefore, by reducing the concentration of SDS in the PP 
samples (samples with 0.25 % and 0.1 % SDS) also, the cytotoxicity of 
the sample extract was reduced entirely, leaving no effect on cell 
viability after exposure to either non-diluted or diluted sample extracts 
(100, 50 or 25 %). Additionally, a 10 × 10 cm mask treated with 0.1 % 
SDS solution would contain approximately 51 μg of SDS, far below 
where adverse effects would be expected.

Cell morphology was evaluated and graded on a scale from 0 (no 
changes in morphology) to 4 (severe changes in morphology), according 
to ISO 10993-5 standard (Fig. 9) [42]; scanning electron micrographs 
are available in Supplemental materials. The NC and VC samples showed 
no morphological changes and were rated Grade 0 at both time points. 
The PC sample caused growth reduction and cell lysis and was rated 
Grade 3 after 24 h and Grade 4 after 48 h of exposure. The non-diluted 
PP sample with 1 % SDS showed severe biological reactivity (Grade 4) at 
both exposure times; the twice diluted extract was rated with mild 
(Grade 2) after 24 h and moderate reactivity (Grade 3) after 48 h, while 
the four-times diluted sample extract showed slight (Grade 1) reduction 
after both exposure times. None of the sample controls showed more 
than slight biological reactivity (Grades 0–1), confirming SDS to be the 

Fig. 6. Antiviral activity of SDS-impregnated polypropylene stored at room 
temperature for up to 125 days. The “*” marks samples where no infectious 
viral particles were recovered.

Fig. 7. Time-dependent inactivation of phi6 on 0.1 % SDS-covered PP. The 
standard deviation bars are too small to be visible at this scale.

Table 4 
Water droplets absorption times after applying them on the already SDS- 
conditioned and three hours dried PP.

SDS conc (%) Absorption time (s) stdev

1 0.054 0.015
0.25 0.116 0.04
0.1 0.257 0.03
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Fig. 8. Cytotoxicity of polypropylene with different SDS concentrations. Changes in cell viability after 24 h of exposure of L929 cells to graded concentrations of 
samples with 1, 0.25, and 0.1 % SDS are shown. Data are presented as a percentage of the vehicle control (VC, complete cell culture medium incubated under 
extraction conditions). NC is the negative control (fresh complete cell culture medium), and PC is the positive control (5 % DMSO). Only the highest tested extract 
concentration, which was 100 % of the sample controls (water, plasma, and untreated polypropylene), is shown. The dotted line represents the viability of cells in the 
VC sample. The red dotted line represents the cytotoxicity threshold value of 70 % viability. The asterisks denote statistically significant differences from the negative 
control (ANOVA and Dunnet’s multiple comparison test; ***p < 0.001). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

Fig. 9. Biological reactivity of the PP sample extracts with different % of SDS after 24 and 48 h of exposure in the L929 mouse fibroblast cell line. Morphological 
changes were evaluated and graded according to ISO 10993-5. NC is the negative control (fresh cell culture medium), and VC is the vehicle control (complete cell 
culture medium incubated under extraction conditions). PC is the positive control (5 % DMSO). The assay controls were tested at only one concentration, and a 
uniform bar is shown for visualization.
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causative agent in the observed biological reactivity. Further on, the PP 
samples with lower SDS concentrations, e.g., 0.25 % and 0.1 %, were 
also rated Grade 0–1 at both exposure times, which is, according to ISO 
10993-5, not considered as biological reactivity. As both the cytotoxicity 
and biological reactivity test confirmed the in vitro biocompatibility of 
the PP samples with lower SDS concentration, and already the sample 
with 0.1 % SDS showed strong antiviral activity, this sample was used as 
material for the preparation of face masks, which were further tested for 
virus filtration efficiency, virus inactivation on masks, and breathability.

3.4. Viral filtration efficiency, virus inactivation on masks, and 
breathability

According to EN 14683:2019: Medical face masks – requirements 
and test methods standard, the bacterial filtration efficiency of Type II 
medical masks should be above 98 % and have a breathability value no 
higher than 40 Pa cm− 2. Therefore, the virus filtration efficiency (VFE) 
of the mask should also achieve a value of at least 98 %. The summarized 
results (Table 5) show that the masks prepared with treated PP textiles 
satisfy these parameters and display no detrimental differences 
compared to the untreated masks. The important distinction is that the 
phi6 virus remains infective on the surfaces of untreated masks, while no 
infectious virus was recovered from the masks prepared with the treated 
textile. This study’s results support further development and application 
of masks and other PPE with antiviral or, broadly, antimicrobial activity.

4. Conclusion

The wettability of medical-grade polypropylene textiles was rapidly 
and sufficiently improved by treatment with a low-pressure gaseous 
plasma sustained by inductively coupled radio frequency discharge. The 
working gases were either water vapor (present in the vacuum system at 
the ultimate pressure of about 1 Pa) or oxygen. The best results were 
observed when treating PP textiles with oxygen plasma at an oxygen 
flow of 5 sccm for 10 s. Adding oxygen into gaseous plasma provides 
more reactants, predominantly neutral oxygen atoms in the ground 
state. Treatment at larger pressures did not provide satisfactory results 
despite rapid surface oxidation, as proved by XPS, which was explained 
by the peculiarities of our samples. The PP textile treated at appropriate 
discharge parameters enabled complete absorption of a severely diluted 
surfactant solution, which displays antimicrobial properties. At the 0.1 
w/w % SDS concentration, the PP showed high virus inactivation of >7 
log10 PFU mL− 1 (concentration greater than usual naturally occurring 
exposures), which lasted for at least 125 days. Furthermore, PP with 0.1 
% SDS had no cytotoxic effect or biological reactivity in the in vitro 
biocompatibility test, indicating the safety of textiles treated at appro-
priate parameters. Furthermore, the underlying properties of the treated 
material remained unchanged (e.g., VFE and breathability), adhering to 
EN 14683:2019: medical face masks – requirements and test standard, 
while the mask exhibited antiviral properties. The results reported in 
this article are promising for developing functional masks and filtering 
materials that not only capture infectious particles but also inactivate 
them, thus preventing infections spread by fomites and giving us an 
additional level of protection against current and future airborne disease 
outbreaks.
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Table 5 
Viral filtration efficiency, virus survival on treated masks, and breathability.

Sample (n = 3) VFE (%) Breathability (Pa 
cm− 2)

Virus concentration (log10 

PFU mL− 1)

EN 
14683:2019

≥98 <40 N/A

untreated 
masks

99.86 ±
0.11 31.26 ± 0.91 3.61 ± 0.48

0.1 % SDS 
mask

99.81 ±
0.32

31.56 ± 1.99 0a

a When no plaques were present, the viral concentration is presented as 0;
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