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Abstract: Filter masks are disposable devices intended to be worn in order to reduce exposure
to potentially harmful foreign agents of 0.1–10.0 microns. However, to perform their function
correctly, these devices should be replaced after a few hours of use. Because of this, billions of
non-biodegradable face masks are globally discarded every month (3 million/minute). The frequent
renewal of masks, together with the strong environmental impact of non-biodegradable plastic-based
mask materials, highlights the need to find a solution to this emerging ecological problem. One
way to reduce the environmental impact of masks, decrease their turnover, and, at the same time,
increase their safety level is to make them able to inhibit pathogen proliferation and vitality by adding
antibacterial materials such as silver, copper, zinc, and graphene. Among these, silver and copper
are the most widely used. In this study, with the aim of improving commercial devices’ efficacy and
eco-sustainability, Ag-based and Cu-based antibacterial treatments were performed and characterized
from morphological, compositional, chemical–physical, and microbiological points of view over
time and compared with the antibacterial treatments of selected commercial products. The results
demonstrated the good distribution of silver and copper particles onto the surface of the masks,
along with almost 100% antibacterial capabilities of the coatings against both Gram-positive and
Gram-negative bacteria, which were still confirmed even after several washing cycles, thus indicating
the good potential of the developed prototypes for mask application.

Keywords: antibacterial treatment; silver nanoparticles; copper nanoparticles; mask; medical device;
personal protective equipment; community face covering

1. Introduction

Filter masks, or simply masks, are disposable devices intended to be worn in order
to reduce exposure to potentially harmful foreign agents of dimensions between 0.1 and
10 microns (i.e., dust, fine dust, fumes, mists, bacteria, and viruses). In particular, it is
widely known that some pathogens (i.e., bacteria and viruses) are air-transmitted via
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the droplets (>5 microns) and aerosols (<5 microns) of respiratory secretions, which are
emanated during normal breathing, conversation, and in large quantities in the case of
coughing and sneezing [1].

Actually, there are different types of masks whose design and material depend on
their filtering power and use [2]. Obviously, these characteristics strongly influence the
level of protection against the spread of airborne diseases. Thus, masks are divided into
three categories [3]: (i) surgical masks, that fall within the category of medical devices
(DM), which protect the wearer from contamination by operators, according to the UNI
EN 14683:2019 + AC:2019 [4]; (ii) filtering facepieces, that are included in the category of
personal protective equipment (PPE), which protect operators from external contamination,
according to the UNI EN 149:2009 [5]; and (iii) community face coverings (CFC), that are
designed to make up for the lack of DM and PPE during the COVID-19 pandemic or to
combat excessive smog in areas with a high rate of pollution and are actually produced
and commercialized, according to the PdR UNI 90:2020 [6].

The use of masks, therefore, would allow us to limit the interaction of human air-
ways with harmful foreign agents. However, to perform their function correctly, these
devices should be replaced after a few hours [2,7]. Because of this, about 129 billion
non-biodegradable face masks are globally used every month (3 million/minute) [8].
The frequent renewal of masks, together with the strong environmental impact of non-
biodegradable mask materials, highlights the need to find a solution to this emerging
ecological problem [3,9,10].

One way to reduce their environmental impact, decrease their turnover, and increase
their safety level is to make masks not only able to prevent the entry of pathogens but also
able to inhibit their proliferation (bacteriostatic action) and vitality (bactericidal action).
For example, many studies proved the presence of SARS-CoV-2 on masks’ inner and outer
layers for more than four days, suggesting that contaminated masks became pathogen
transmission sources [11]. Moreover, one of the most important problems arising from the
use of DM and PPE was the accumulation of breathing moisture that, together with body
temperature (35–37 ◦C), promoted pathogen accumulation and growth. Therefore, to reduce
the bacterial population and minimize pathogenic infections, masks with antibacterial
properties were developed [7,12,13]. The addition of an antimicrobial agent could not only
increase masks’ safety level but also increase their use time, making them eco-friendlier
and more effective. Moreover, these factors make it possible to limit their daily use and,
thus, their cost to the community. Consequently, a huge reduction in plastic disposal could
be achieved. Therefore, antimicrobial fabrics and related antibacterial masks are currently
of great interest, with a rapidly increasing market value. Worldwide, several companies
have started to produce CFC, MD, or PPE with antibacterial properties.

The bacteriostatic/bactericidal activity was generally provided by the addition, through
various techniques, of materials with known antibacterial properties such as silver, copper,
zinc, and graphene [1,7,13–16]. Among these, silver and copper are bacteriostatic/bactericidal
materials par excellence and have been used since ancient times for their antiviral and
antibacterial properties [14,17–21]. Indeed, several studies showed how colloidal silver
and copper (in pure form or in alloys) were able to minimize the proliferation of numerous
species of microorganisms (viruses, bacteria) in little time [7,15,21–28].

In this study, with the aim of improving commercial devices’ efficacy and
eco-sustainability and extending their duration of use, two prototypes of face masks were
developed by performing Ag-based or Cu-based antibacterial treatments on polypropy-
lene (PP) fabrics. Among several kinds of antibacterial agents, silver and copper were
chosen for their known efficacy and well-documented action mechanisms [20,29–35]. PP
has been defined as the ideal fibrous material to produce face mask textiles due to its low
cost, mechanical strength, and chemical resistance [1]. Providing a bacteriostatic and/or
bactericidal activity to PP fabrics would give high added value to masks, greatly enhancing
their protective efficacy. Therefore, the development of surface antibacterial treatments for
PP surgical masks could be of considerable interest, as they will be able to maintain their
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filtering power unaltered, increase the level of safety they offer, and decrease their turnover
and disposal.

The two prototypes we developed were characterized from a morphological, com-
positional, chemical–physical, and microbiological point of view and compared with the
antibacterial treatments of selected commercial products. The surface morphology of the
two prototypes, along with their antibacterial treatment, spatial distribution, and elemental
composition, were observed using scanning electron microscopy (SEM) in combination
with X-ray energy dispersive spectroscopy (XEDS). The percentage of Ag or Cu that was
incorporated was gravimetrically obtained. The water-repellent character of the treatments
was evaluated by contact angle measurements. The crystal structure of Ag or Cu nanopar-
ticles on the fabric was investigated by X-ray diffraction (XRD). The effectiveness of the
antibacterial treatment against Gram-negative (i.e., Escherichia coli) and Gram-positive (i.e.,
Staphylococcus aureus) bacteria was assessed according to the AATCC Standard Test Method
100 (1993) from the AATCC Technical Manual. Finally, the same analyses were performed
to evaluate the masks’ durability during washings and drying cycles.

2. Materials and Methods
2.1. Materials

The PP fabric used for Ag- and Cu-based antibacterial treatments was collected from
the IIR surgical masks commercialized by Sicura Protection (Vibo Valentia, Italy). Com-
mercial mask samples were kindly provided by Olvitech (Modi’in-Maccabim-Re’ut, Is-
rael), ARGO Industries (Chippenham, UK), Respilon (BRNO, Czech Republic), Absolutex
(Vittorio Veneto, Italia) and Primeway (Maharashtra, India). Silver nitrate (ACS reagent,
≥99.0%) as precursor for silver nanoparticles and methanol (ACS reagent, ≥99.8%) as
photo-reducing agent were purchased from Sigma Aldrich. Copper nanoparticle (CuNC)-
based face masks were prepared using copper acetate monohydrate ([Cu(CH3COO)2·H2O],
98%, Sigma-Aldrich) and hydrazine hydrate (N2H4·H2O; 50–60%, Sigma-Aldrich) as the
starting precursors. All chemicals were used without modifications. Distilled water was
obtained from Millipore Milli-U10 water purification facility from Merck KGaA (Darm-
stadt, Germany). Escherichia coli (ATCC®25922) and Staphylococcus aureus (ATCC®29213)
were purchased from Mecconti Sarl (Warsaw, Poland). All other chemicals used were of
analytical grade and purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Antibacterial Treatments Development

The PP fabric (thickness: 120 ± 15 µm) was subjected to two antibacterial treatments:
Ag-based and Cu-based.

The silver treatment was performed by using a technology based on in situ photo-
chemical deposition of silver particles onto the surface of the material. The process involves
different stages, namely (i) preparation of the impregnating silver solution; (ii) deposition
of the silver solution through dip or spray coating onto the substrate; (iii) UV exposure;
(iv) washing. For this specific material and application, the silver solution was prepared by
mixing 2 wt/wt% AgNO3, 20 wt/wt% CH3OH, and 78 wt/wt% deionized water under
magnetic stirring for 30 min at room temperature. Then, the silver solution was deposited
by dip coating onto the substrate, which was subsequently exposed to a UV lamp (Jelosil
HG 200 ULTRA, peak at λ = 365 nm, distance 30 cm) for 15 min in order to allow the
synthesis and adhesion of the Ag particles onto the fabric. Finally, the silver-nanoparticle-
enriched PP fabric (SIL, thickness 144 ± 5 µm) was washed to remove any residual trace of
silver nitrate, dried at room temperature, and stored until use.

Copper nanoparticles were deposited on the PP fabric, following our previous work
with little modification [36]. Briefly, a 0.3% (w/v) aqueous Cu solution was prepared by
dissolving the required amount of copper acetate in 100 mL of distilled water. After the
copper salt was fully dissolved, four pieces of PP fabric (approx. 2 cm × 4 cm) were placed
in the solution with vigorous stirring, followed by dropwise addition of the reducing agent
(hydrazine hydrate, 5 mL/100 mL water). The stirring continued for 8 h, and after that, the
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fabric was washed three times with distilled water. Then, copper-nanoparticle-enriched
PP fabric (COP, thickness 160 ± 10 µm) was dried at room temperature and stored for
further use.

2.3. Identification and Selection of Mask Commercial Samples

The commercial masks that are available in the national and international market
were collected from the search engine Google. The keywords used in the search engine
were ‘mask’, ‘antibacterial’, ‘silver’, and ‘copper’. Moreover, some synonyms (e.g., face
covering, filter mask, surgical mask, dust mask, protective mask, facial, DM, PPE, and CFC)
were searched.

Products for inclusion were selected in two stages. Firstly, data on the antibacterial
treatment type, the product name, and the company name, were collected and reviewed.
Samples without clear information about the applied antibacterial treatments were ex-
cluded from the selection. Then, a more detailed data collection focused on the presence of
certifications, compliance with current regulations, or reports of biocompatibility, antibacte-
rial tests, and technical data sheets. Commercial masks that met the inclusion criteria were
selected for comparative analysis. A total of 100 commercial products with antibacterial
properties were screened, and five commercial masks were selected (Table 1). In regard to
surgical masks, ‘Copper Oxide Medical Mask’ by Olvitech (OLV, thickness: 274 ± 12 µm)
was chosen as Cu-treated DM-certified product. To the best of our knowledge, no Ag-
treated DM-certified commercial products are available. In regard to PPE, ‘FFP2 Washable
mask’ by ARGO Industries (ARG, thickness: 587 ± 60 µm) was chosen as Ag-treated
PPE-certified product, while ‘VK RespiPro’ by Respilon (RES, thickness: 339 ± 33 µm) was
chosen as Cu-treated PPE-certified product. In regard tp CFC, ‘ACM’ by Absolutex (ABS,
thickness: 361 ± 87 µm) was chosen as Ag-treated CFC, while ‘P29’ by Primeway (PRI,
thickness: 626 ± 76 µm) was chosen as Cu-treated CFC.

Table 1. Mask sample types. The prototypes of Ag- and Cu- treated PP fabrics, developed by the
DII of the University of Salento, were tested in comparison with commercial products of DM, PPE,
and CFC.

Mask Type Antibacterial
Treatment Company Product Name Code Material

Prototypes Silver Unisalento Ag SIL PP
Copper Nanohub/Unisalento Cu COP PP

Surgical mask Silver – – – –

Copper Olvitech Copper Oxide
Medical Mask OLV PP

Personal Protective
Equipment

Silver ARGO Industries FFP2 Washable
mask ARG Cotton/PE

Copper Respilon VK RespiPro RES PP

Community face
covering

Silver Absolutex ACM ABS PE
Copper Primeway P29 PRI PU

The antibacterial layer, identified from information reported in the technical data sheet,
was harvested from each commercial mask sample and fully characterized in comparison
with the Ag and Cu prototypes. In particular, the antibacterial layer was harvested from the
external layer of the mask (i.e., the layer that makes contact with the external environment)
for ABS and PRI, from the middle layer of the mask (i.e., the filtering unit) for ARG, and
from both external and inner layers of the mask (i.e., the layers that make contact with the
external environment and the skin, respectively) for OLV and RES.

The durability of the antibacterial treatments was evaluated in triplicate for each
sample type after 0, 3, and 10 washing cycles at 30 ◦C for 2 h on mask samples of about
10 cm × 10 cm, using a Candy washing machine, model RP4476BWMR/1–S, (Candy S.p.a,
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Milan, Italy) followed by drying cycles with an Electrolux dryer, model EW9H297DY (AB
Electrolux, Stockholm, Sweden), for 2 h.

2.4. Morphological and Elemental Analysis

SEM combined with XEDS techniques was performed to investigate masks’ surface
morphology and the presence of antibacterial treatments. Such morphological and elemen-
tal analyses were carried out on the mask samples after 0 (0 W), 3 (3 W), and 10 (10 W)
washing cycles. Thus, mask samples of about 1 cm × 1 cm were stuck to adhesive carbon
tape on SEM stubs for both imaging and chemical compositional measurements. The
as-prepared samples were then transferred into a field emission SEM microscope (SIGMA
300VP, Carl ZEISS, Germany, GmbH) equipped with fully integrated detectors for sec-
ondary and backscattered electrons, available both in high vacuum and in variable pressure
(VP) mode, with the latter using nitrogen as imaging gas for non-conductive specimens.
SEM images of the samples were recorded at HV of 20 kV and a VP of 30 Pa, with a
few seconds of image integration time to minimize charging effects of the samples and
to increase the image quality. ImageJ processing software (National Institute of Health,
Bethesda, MD, USA) was used to measure the microfiber diameter distributions. Finally,
to confirm the presence of the antibacterial treatments (Ag or Cu) and, eventually, their
modifications when undergoing a certain fixed number of washing cycles, EDS spectra
were recorded using an SEM microscope (Merlin, Carl ZEISS, Germany, GmbH) at 20 kV,
equipped with an EDS detector (Quantax, XFlash 6160, Bruker, Billerica, MA, USA) for
microanalysis. The mass fractions of various chemical components were evaluated relative
to carbon as a reference element, considering that C is the main dominant element of
the fibers of all samples. The latter, moreover, stuck to adhesive carbon tape for electron
microscopy analyses. The test was performed in triplicate for each sample type.

2.5. Crystalline Structures Investigation

The XRD analyses on fabrics were performed in order to investigate the crystalline
nature of Ag or Cu nanoparticles. The XRD patterns were recorded on a Rigaku Ultima
diffractometer with Cu Kα radiations operating at 40 kV/20 mA on mask samples of about
1 cm × 1 cm. Samples were tested in triplicate.

2.6. Hydrophobicity Degree

Static contact angle measurements were conducted to achieve information about the
surface hydrophobic character. Thus, static contact angle measurements were performed
dropping 10 µL milli-Q water on 1 cm × 1 cm samples at 25 ◦C using the sessile drop
method with a FTA1000 tensiometer (First Ten Angstroms, Newark, NJ, USA) equipped
with an X-Y syringe and a high-performance camera to capture high-resolution images [37].
The contact angle values were quantified using the tensiometer software. The test was
performed six times for each sample type.

2.7. Antibacterial Agent Content

The antibacterial agent content was quantified before and after the washing cycles, and
it was correlated with masks’ antibacterial activity. The quantitative evaluation of the Ag
or Cu content before and after washing cycles was performed gravimetrically. Briefly, mask
samples of about 3 cm × 3 cm were sealed in alumina crucibles and heated up to 600 ◦C
for 18 h. The solid residue quantified at the end of the test represented the incombustible
Ag or Cu nanoparticles. Thus, the Ag or Cu content (C%) was calculated according to the
following equation:

C% =
W f

Wi
100, (1)

where Wf is the dry residue of the sample after burning, and Wi is the initial weight of the
mask sample. Samples were tested in triplicate.
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2.8. Antibacterial Activity

The antibacterial activity of mask samples was checked against the Gram-negative
E. coli (ATCC®25922) and the Gram-positive S. aureus (ATCC®29213) according to the
AATCC Standard Test Method 100 (1993) from the AATCC Technical Manual [38], with
some modifications. Both bacterial strains were overnight propagated at 37 ± 1 ◦C in
Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, 1% NaCl) and then diluted to
4 × 106 colony-forming units (CFU)/mL in 10 mL of 0.1% Tween 80 and 0.01% Triton X-100.
Before testing, control (PP fabric) and mask samples of 1 cm × 1 cm were sterilized by
autoclave (121 ◦C, 20 min, p = 1 bar) and laid down into individual hermetically sealable
vials. Then, 10 µl of the microbial suspension was pipetted onto the mask samples. After
1 h of incubation (37 ◦C, humidity of >90%), bacteria were recovered by adding 10 mL of
0.1% Tween 80 and vortexing for 1 min. Then, 10 µL was plated on LB-agar. The number of
CFU/mL was determined after 24 h of incubation at 37 ± 1 ◦C and relative humidity >90%.
According to the AATCC100, the microbial titer reduction (R%) was calculated as [38]:

R% =
Ci − C f

Ci
100, (2)

where Ci is the bacterial concentration (CFU/mL) recovered from the inoculated untreated
fabric, and Cf is the bacterial concentration (CFU/mL) recovered from the inoculated
antibacterial fabric after 1 h of incubation. The test was performed in quadruplicate.

2.9. Statistical Analysis

All data were expressed as mean ± the standard deviation. Statistical significance of
all experimental data was determined using Student’s t-test. Differences were considered
significant at p < 0.05.

3. Results
3.1. Morphological and Elemental Analysis

SEM and EDS analyses were performed to assess the micro-fiber morphology as well
as to confirm the presence of the antibacterial nanomaterials (either Ag or Cu) before and
after washing cycles.

The PP fabric used for Ag and Cu treatments was characterized by randomly oriented
fibers. The mean fiber diameter of SIL and COP was found to be about 5.0 ± 2.7 µm.
However, it should be noted that the fiber distribution slightly changed after three washing
cycles and even more markedly after ten cycles (Figure 1). Given that the image contrast of
a metal, like Ag or Cu, is much sharper than that of the fabric material, the SEM analysis
also gave clear indications of the presence of Ag and Cu antibacterial treatments in SIL and
COP samples, respectively. Actually, differences in Ag and Cu cluster distribution were
detectable in both of the two different types of samples, SIL and COP. SIL was characterized
by a substantial presence and the homogeneous distribution of the Ag clusters, which
was not observably reduced after repeated washing cycles (Figure 1a–c). The durability
of the Ag treatment was also found in the elemental analysis, as it can be inferred by the
EDS data reported in Table 2. A similar PP fabric functionalization was performed by
Valdez-Salas et al., who, by electrochemical deposition, obtained a well-homogenized Ag
nanoparticle distribution with slight nanoparticle conglomerations [12]. An even more
uniform distribution was obtained by Gawish et al., with an Ag% similar to our work [39].
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Figure 1. SEM images of the prototypal SIL (a–c) and COP (d–f) antibacterial fabric, before and after
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Table 2. EDS results of the prototypal and commercial antibacterial fabric before and after wash-
ing cycles.

Sample 0 W 3 W 10 W

SIL 2.61 ÷ 2.83% 2.45 ÷ 2.52% 2.44 ÷ 2.48%
COP 6.47 ÷ 6.89% 1.16 ÷ 1.75% 1.51 ÷ 1.65%
ARG 0.21 ÷ 0.29% 0.20 ÷ 0.28% 0.01 ÷ 0.03%
ABS 0.92 ÷ 1.06% 0.55 ÷ 0.63% 0.31 ÷ 0.39%
OLV 0.90 ÷ 1.02% 0.74 ÷ 0.86% 0.74 ÷ 0.76%
RES 1.62 ÷ 1.68% 1.42 ÷ 1.58% 0.84 ÷ 0.96%
PRI 0.30 ÷ 0.40% 0.25 ÷ 0.35% 0.20 ÷ 0.30%

For the SIL sample, the Ag mass fraction, relative to that of C, was about ≈2.7%,
≈2.48%, and ≈2.46% at 0 W, 3 W, and 10 W cycles, respectively (Table 2), thus indicating a
slight loss of silver only after the initial washing cycles. On the other hand, COP was also
characterized by a high coverage with the Cu-based treatment (Figure 1d). Cu coverage
was found to be homogeneously distributed and similar to the work of Zhu et al., despite
the different production technology [40]. However, after the washing cycles, the great
part of the Cu treatment was removed, leaving some fibers coated by copper clustered in
micron-sized agglomerates (Figure 1e,f), as was also confirmed by the EDS spectra of COP,
which showed a drastic reduction of relative Cu mass fraction when passing from 0 W
(≈6.4%) through 3 W (≈1.6%) and finally to 10 W (≈1.5%) (Table 2).

Great differences were found in commercial masks (Figures 2 and 3). Figure 2 shows
the results of the morphological and elemental analyses conducted on the inner antibacterial
layer of the PPE ARG and the outer layer of the CFC ABS, which were both treated with
silver. SEM images (Figure 2a–c) of the ARG sample clearly highlighted fibers with a
larger diameter size (about 26.4 ± 2.7 µm) and a fiber net, featuring the fabric, which
became more and more loose as the washing cycles increased. Furthermore, considerations
concerning the SEM image contrast accounted for the poor presence of Ag nanoparticles.
This was further confirmed by EDS analyses, which showed a very low percentage of Ag
mass fraction relative to C fraction (0 W: ≈0.24%; 3 W: ≈0.25%; 10 W: ≈0.0%) (Table 2).
Concerning ABS (mean fiber diameter 10.6 ± 2.3 µm), SEM measurements underlined the
compactness of the fiber net, which became slightly looser just after 10 W and presented
some residuals of fiber pieces (Figure 2d–f). An SEM overview also indicated the presence
of relatively small Ag nanoparticles, and the EDS analyses carried out on the ARG samples
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at 0 W, 3 W, and 10 W, accounted for a decreasing trend of the Ag mass fraction (0 W:
≈1.0%; 3 W: ≈0.60%; 10 W: ≈0.35%) (Table 2).
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The SEM and EDS measurements carried out on the last three investigated commercial
Cu-treated masks (i.e., the outer layers of the MD OLV, the PPE RES, and the P29 PRI) are
reported in Figure 3. The OLV (Figure 3a–c) and RES (Figure 3d–f) fabrics presented some
common features in terms of the compactness of the fiber net and the mean diameter size
of the microfibers (OLV, ≈15.4 ± 1.0 µm and RES, ≈15.8 ± 0.8 µm). Moreover, a substantial



Coatings 2023, 13, 919 9 of 16

invariability not only of fiber morphology but also of the homogeneous distribution of Cu-
based antibacterial nanoparticles, even after 10 washing cycles, was observed. Additionally,
an almost constant trend in the relative Cu mass fraction was confirmed by elemental
analyses for both OLV (0 W: ≈0.95%; 3 W: ≈0.80%; 10 W; ≈0.80%) and RES (0 W; ≈1.7%;
3 W: ≈1.5%; 10 W: ≈0.90%) (Table 2). This was different in the case of PRI (Figure 3g–i),
whose fiber net was slightly looser just after 10 W and, with some residuals of fiber pieces,
looked more like that of ABS (Figure 2d–f). Similarities between PRI and ABS were also
found with regard to the fiber diameter, which was found to be about 11.7 ± 2.1 µm for PRI
and about 10.6 ± 2.3 µm for ABS. Concerning the Cu-based antibacterial treatment of the
PRI sample, the Cu mass fraction was relatively low but almost constant after the repeated
washing cycles (0 W: ≈0.35%; 3 W: ≈0.30%; 10 W: ≈0.25%) (Table 2).

The effect of washing and drying cycles on fibers’ shape, diameter, and organization
was also evaluated by SEM. In particular, fibers gradually deformed, broke up, became
thicker, and aggregated accordingly with washing and drying cycles, as was also reported
in the literature [41,42].

3.2. Crystalline Structures Investigation

XRD analyses of the two prototypal (SIL and COP) and two commercial (OLV and
RES) antibacterial face mask fabrics were investigated to understand the crystalline nature
of the fabrics and the nanomaterials present in the fabrics. Figure 4 showed the XRD pattern
of the selected samples before washing and after ten washing cycles. All samples showed
PP group of peaks at lower angles [43]. The crystallinity index (C.I.) of the selected samples
were calculated from the XRD pattern by dividing the crystalline peak area by the total area,
as reported in Figure 4a–d. It should be noted that the C.I. values significantly reduced
after washing cycles, particularly for the commercial fabrics, indicating their structural
damage after the washing cycles. SIL showed diffraction peaks due to mixed metallic
Ag and Ag2O [22,39,44] with not significantly reduced intensity after the washing cycles.
COP showed the presence of metallic Cu [44]. The commercial OLV and RES showed
the presence of a mixture of copper oxides (CuO/Cu2O) and Cu [38]. In all the copper-
based samples, after 10 washing cycles, the diffraction peaks due to the metal/metal oxide
nanoparticles drastically decreased, indicating their loss due to several washings, as was
also highlighted by SEM/EDS analysis.

3.3. Hydrophobicity Degree

Static contact angle measurements were performed in order to assess masks’ degree of
hydrophobicity. The prototypal masks and most of the commercial masks (OLV, ARG, RES)
were characterized by a hydrophobic character (θ > 90◦) (Table 3) [15,40]. Similar results
were indeed registered for Ag- and Cu-impregnated PP fabrics [12,15]. Only ABS and PRI
were characterized by strong hydrophilic character (θ < 90◦), instantly absorbing water
drops. The application of the Ag and Cu treatments on the PP fabric led to a reduction
of the surface hydrophobicity (p = 0.0007, p = 0.0004 respectively). In particular, the Cu
treatment reduced the hydrophobicity of COP slightly more than the treatment with Ag
on SIL (p = 0.04). ARG and RES were found to have a contact angle value very similar to
prototypal masks (p > 0.05), while that of OLV was significantly lower (p < 0.05).

The effect of washing and drying cycles was also investigated. Although a general
decrease of surface hydrophobicity seemed to be observed, the differences between 3 W
and 10 W were not statistically significant (p > 0.5).
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Table 3. Contact angle values of prototypal and commercial antibacterial fabric before and after
washing cycles. Values indicated represent mean ± SD, where n = 3.

Mask Type 0 W 3 W 10 W

PP 134 ± 2◦ 117 ± 11◦ 103 ± 4◦

SIL 127 ± 2◦ 110 ± 15◦ 104 ± 4◦

COP 124 ± 6◦ 122 ± 3◦ 118 ± 7◦

OLV 104 ± 10◦ 120 ± 5◦ 114 ± 4◦

ARG 128 ± 13◦ 118 ± 9◦ 122 ± 10◦

RES 129 ± 7◦ 119 ± 8◦ 117 ± 8◦

ABS 0 ± 0◦ 0 ± 0◦ 0 ± 0◦

PRI 0 ± 0◦ 0 ± 0◦ 0 ± 0◦

3.4. Antibacterial Agent Content

The Ag or Cu content of masks was investigated to correlate the quantity of nanopar-
ticles with masks’ antibacterial activity. As reported in Table 4, COP had the highest Cu
content, followed by OLV, RES, and lastly PRI. Commercial OLV and RES were revealed to
have very similar Cu contents. Similarly, SIL had the highest Ag content, followed by ABS
and ARG, whose contents were comparable. These results were partially in agreement with
the literature since some studies reported similar Ag or Cu contents to our study [38,39],
while others used very high antibacterial agent concentrations [12]. Washing and drying
cycles induced a partial loss of Ag or Cu nanoparticles in most of the masks. In particular,
while SIL and COP lost about 10% and 12% of the Ag and Cu contents, respectively, after
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3 W but remained stable after 10 W, the commercial masks lost about 20–50% of antibacterial
agent content after 3 W, then stabilized or further lost about 10–20% of the Ag or Cu content
at 10 W.

Table 4. Gravimetrically determined Ag/Cu content (Wt%) of prototypal and commercial antibacte-
rial fabric before and after washing cycles. Values indicated represent mean ± SD, where n = 3.

Mask Type 0 W 3 W 10 W

SIL 4.0 ± 0.7 3.6 ± 0.6 3.6 ± 0.3
COP 4.5 ± 1.4 4.0 ± 0.4 2.1 ± 0.9
OLV 3.8 ± 0.3 3.0 ± 1.1 2.7 ± 0.7
ARG 0.4 ± 0.2 0.2 ± 0.1 0.2 ± 0.1
RES 3.5 ± 0.6 2.3 ± 0.9 2.0 ± 0.3
ABS 0.9 ± 0.2 0.7 ± 0.5 0.5 ± 0.2
PRI 1.5 ± 0.8 1.1 ± 0.4 0.8 ± 0.5

3.5. Antibacterial Activity

The antibacterial power of prototypal and commercial fabrics was assessed and com-
pared after 1 h of incubation time with E. coli and S. aureus bacterial strains. As expected,
all fabrics showed the ability to reduce both bacterial titer (Figures 5 and 6). In partic-
ular, regarding the Gram-negative E. coli, SIL (99.9 ± 0.2%), COP (100.0 ± 0.0%), OLV
(99.5 ± 0.7%) [38], and RES (100.0 ± 0.0%) were able to inhibit the bacterial proliferation
almost completely, followed by ARG (87.3 ± 3.3%), PRI (85.2 ± 13.0%) and lastly by ABS
(56.6 ± 21.0%) (Figures S1). Regarding the Gram-positive S. aureus response, they did not
survive SIL, COP, OLV, PRI, and RES exposure, and their proliferation was partially reduced
in the presence of ARG (91.9 ± 9.8%) and ABS (86.4 ± 2.5%) (Figures S4). Thus, ABS, PRI,
and ARG revealed stronger Gram-positive bacteria inhibition potential. The Ag-based
treatment performed on SIL was revealed to be effective and confirmed the potential of
silver in PP fabric functionalization that was reported in other works through different
technologies [22,39]. The Cu-based treatment of COP seemed to be more effective than the
one developed by Jardón-Maximino et al. since 100% of bacterial inhibition was obtained
only after 1 h exposure with reduced Cu content [45]. On the contrary, photoactive Cu
nanoparticles deposited on PP fabrics revealed an impressive ∼4 log (>99.99%) reduction
for E. coli in the presence of light [12]. However, the lack of data about the antibacterial
agent effective content in the fabric did not allow us to correlate the antibacterial activity
with the Cu amount.
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The antibacterial activity of fabrics was evaluated also after 3 W and 10 W to assess
the efficacy of treatments over time. For some materials, according to other analyses,
the bacterial proliferation reduction ability was found to decrease with washing cycles
due to the gradual antibacterial agent loss. In the case of Gram-negative bacteria, the
antibacterial activity was reduced to 91.0 ± 4.1% for COP, 72.9 ± 3.3% for OLV, 24.2 ± 18.4%
for ABS, 33.6 ± 8.8% for PRI, 29.0 ± 14.3% for RES, and 13.5 ± 7.3% for ARG. Only SIL
did not exhibit significant differences, with 100.0% antibacterial activity before washings
and 99.8% after the washing cycles. This result further confirmed the strong adhesion of
the coating to the substrate, which is consistent with the EDX data, and the antibacterial
agent content determined by gravimetrical analysis. In the case of Gram-positive bacteria,
the antibacterial power was not lost after 10 W for most of the masks. In particular, SIL,
COP, OLV [38], and RES activity remained almost unchanged. Instead, ABS, PRI, and ARG
activity decreased with washing and drying cycles by up to 52.5 ± 5.6%, 43.0 ± 6.0%, and
50.5 ± 5.3%, respectively.

4. Discussion

Pushed by the outbreak associated with COVID-19, the demand for new strategies
to improve masks’ or other medical textile materials’ safety level, use time, and disposal
costs has exponentially attracted interest. The high renewal rate, together with the strong
environmental impact of the non-biodegradable materials of which they are composed,
highlights the need to find solutions to this emerging ecological problem [3,9,10]. Among
several approaches, the addition of an antimicrobial agent could not only increase masks’
safety level but also limit their daily use and disposal, making them eco-friendlier and
more effective.

In this work, with the aim of improving commercial devices’ efficacy and
eco-sustainability, Ag-based and Cu-based antibacterial treatments were developed and
performed on PP fabric, the most commonly used material for the development of masks.
The two prototypes we developed were characterized from morphological, compositional,
chemical–physical, and microbiological points of view over time and compared with the
antibacterial treatments of selected commercial products of MD (i.e., OLV), PPE (i.e., ARG,
RES), and CFC (i.e., ABS, PRI).

In particular, the Ag-based treatment was performed by using a versatile technology
that was successfully applied on a wide range of natural and synthetic substrates for
biomedical applications, including textile materials and medical devices such as surgical
sutures, wound dressings, and catheters. The technology, which is based on an in situ
photochemical deposition of silver clusters onto the surface of the material, is characterized
by the strong adhesion of the coating to the surface of the material and by long-term antimi-
crobial efficacy [16,25–28]. Indeed, even after many aging tests, including TABER tests for
natural and synthetic leather, washings for textile materials, and simulated flowing condi-
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tions for catheters, the silver coatings still demonstrated their efficacy on Gram-positive and
Gram-negative bacteria and fungi [16,25–28]. Moreover, recent studies have given attention
to the virucidal action of silver against coronaviruses [46,47], thus further increasing the
interest of the scientific community toward novel silver-based nanotechnology approaches
for the prevention of cross-transmission in public environments. In this work, for the
specific materials and application, the process parameters were selected in order to achieve
a good cost-effectiveness ratio for the potential scale-up of the process.

All analyses confirmed that the antibacterial treatments were successfully performed
on both SIL and COP PP fibers of about 5.0 ± 2.7 µm diameter. SIL was characterized by
diffraction peaks due to mixed metallic Ag and Ag2O, whereas COP was characterized by
the presence of metallic Cu. Ag and Cu cluster contents of about ≈2.6% and ≈6.4% were,
respectively, detected by EDS, while 4.0 ± 0.7% and 4.5 ± 1.4% were respectively gravi-
metrically determined. Great differences were evidenced in comparison with commercial
masks. The MD OLV was characterized by a randomly oriented fiber net with diameters
of about 15.4 ± 1.0 µm and a uniform Cu cluster distribution of a mixture of copper ox-
ides (CuO/Cu2O) and Cu on about ≈0.9% of the total C content (Cu content = 3.8 ± 0.3%,
gravimetrically determined). The PPEs, RES, and ARG were shown to be deeply different.
The external layers of RES appeared to be similar to that of OLV, with fibers of about
15.8 ± 0.8 µm, a homogeneous distribution of CuO/Cu2O, and Cu clusters on ≈1.6% of the
total C. Almost the same gravimetric content of Cu was detected, with a total of 3.5 ± 0.6%.
Conversely, the inner layer of ARG was characterized by a looser net of bigger fibers of
about 26.4 ± 2.7 µm, with a very low Ag content (≈0.24% from EDS, 0.4 ± 0.2% from the
incineration method). The CFCs, ABS, and PRI were instead revealed to be similarly char-
acterized by a woven texture with fibers of about 10.6 ± 2.3 µm for ABS and 11.7 ± 2.1 µm
for PRI. Concerning the antibacterial agent content, the presence of relatively small Ag and
Cu nanoparticles was highlighted, which were respectively identified as ≈1.0% and ≈0.3%
of the C mass fraction from EDS and 0.9 ± 0.2% and 1.5 ± 0.8% from the gravimetrical
analysis. However, because of the very low content of antibacterial agents on ARG, ABS,
and PRI, the crystalline nature of Ag or Cu nanoparticles was not revealed. Static contact
angle measurements showed that the prototypal masks (SIL and COP) and most of the
commercial masks (OLV, ARG, RES) showed a hydrophobic character. Only ABS, PRI
were characterized by a strong hydrophilic character, instantly absorbing water drops.
The antibacterial power of the fabrics were assessed and compared after 1 h of incubation
with Gram-negative or Gram-positive bacteria. All the produced (or received) fabrics
showed the ability to reduce both bacterial titers. In particular, SIL, COP, OLV, and RES
were able to almost completely inhibit E. coli growth, followed by ARG (87.3 ± 3.3%), PRI
(85.2 ± 13.0%), and ABS (56.6 ± 21.0%). Similarly, SIL, COP, OLV, RES, and PRI were able
to almost completely restrain S. aureus proliferation, while ARG (91.9 ± 9.8%) and ABS
(86.4 ± 2.5%) restrained it a little bit less.

Although the mask substrates used for antibacterial treatments were disposable, the
impact of washing and drying cycles was evaluated on all experimental classes in order
to evaluate the durability of materials and coatings. Regardless of the treatments, in all
conditions, fibers were found to gradually deform, break up, become thicker, and aggregate
accordingly with washing and drying cycles. This effect was clearly visible in both the
SIL and COP prototypal fabrics and in the commercial masks. This result was in line with
the study of Whyte et al., who reported that after 20 washings, PP fabric fibers became
slightly deconstructed and were no longer able to filter submicron particles [41]. Similarly,
Varanges et al. reported a non-uniform fiber distribution and a larger pore size compared
to the reference, which was found to be the cause of the increase in air permeability [42].

Moreover, differences in Ag and Cu cluster distribution were detected before and
after washing cycles. In particular, the SIL coating was not significantly affected by the
washing cycles, which was also noted by the elemental analysis, the residual Ag content,
and the X-ray analysis data. In COP, about 2.1 ± 0.9% of Cu (≈0.16% Cu/C) remained
on the PP fabric. In the cases of ARG, ABS, and PRI, the low initial amount of Ag or Cu
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further decreased to less than 1%. Conversely, RES and OLV’s fiber morphology and Cu
nanoparticle content remained almost completely unvaried even after 10 washing cycles, as
confirmed by the elemental decrease in Cu content of about 0.1% for OLV and about 0.8%
for RES and the gravimetrical decrease 1.0–1.5% for both. According to the elemental and
gravimetrical analyses, samples’ diffraction peak intensity decreased according to washing
and drying cycles, indicating their losses. The antibacterial activity of the fabrics was also
evaluated after 3 W and 10 W to assess the efficacy of the treatments over time. The gradual
loss of the antibacterial agent during washing and drying cycles was responsible for the
progressive loss of their bacterial proliferation reduction ability for most of the samples.
However, all masks retained their antibacterial potential after 10 W proportionally to their
Ag or Cu residual content, suggesting that the addition of an antimicrobial agent on MDs,
PPEsm or CFCs could increase masks’ safety level over time, limit their daily use, and
reduce disposal costs, making them not only more effective but also eco-friendlier.

Although these preliminary studies had positive outcomes, further research should be
done to investigate the performances of the prototypes after accurate aging tests, aiming to
simulate masks folding and exposure to body fluids in addition to air flow. Last but not
least, permeability, mechanical integrity, electrostatic potential, and bacterial/viral filtration
efficiency are intended to be the next characterizations to assess the safety and effectiveness
of the developed prototypes.
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