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A B S T R A C T   

Face masks can filter droplets containing viruses and bacteria minimizing the transmission and 
spread of respiratory pathogens but are also an indirect source of microbes transmission. 

A novel antibacterial and antiviral Ag-coated polypropylene surgical mask obtained through 
the in situ and one-step deposition of metallic silver nanoparticles, synthesized by silver mirror 
reaction combined with sonication or agitation methods, is proposed in this study. 

SEM analysis shows Ag nanoparticles fused together in a continuous and dense layer for the 
coating obtained by sonication, whereas individual Ag nanoparticles around 150 nm were ob-
tained combining the silver mirror reaction with agitation. EDX, XRD and XPS confirm the 
presence of metallic Ag in both coatings and also oxidized Ag in samples by agitation. A higher 
amount of Ag nanoparticles is deposited on samples by sonication, as calculated by TGA. Further, 
both coatings are biocompatible and show antibacterial properties: coating by sonication caused 
24 % and 40 % of bacterial reduction while coating by agitation 48 % and 96 % against S. aureus 
and E. coli, respectively. At 1 min of contact with SARS-CoV-2, the coating by agitation has an 
antiviral capacity of 75 % against 24 % of the one by sonication. At 1 h, both coatings achieve 
100 % of viral inhibition. Nonetheless, larger samples could be produced only through the silver 
mirror reaction combined with agitation, preserving the integrity of the mask. 

In conclusion, the silver-coated mask produced by silver mirror reaction combined with 
agitation is scalable, has excellent physico-chemical characteristics as well as significant 
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biological properties, with higher antimicrobial activities, providing additional protection and 
preventing the indirect transmission of pathogens.   

1. Introduction 

The recent COVID-19 pandemic has highlighted that emerging and unexpected pathogenic agents can disrupt and upset the lives of 
billions of people, if without adequate protection. The use of face masks, especially in closed places with poor ventilation, has been 
demonstrated to greatly minimize the transmission and spread of SARS-CoV-2 [1–3]. Surgical masks are primarily used by healthcare 
workers to decrease exposure to aerosols and droplets, preventing infections, and have been the most used personal protective 
equipment after the COVID-19 pandemic outbreak [2,3]. Commonly, surgical masks are made of polypropylene (PP), polystyrene, 
polycarbonate, or polyester and their filtration efficacy depends on the number, type and structure of the overlapped layers [2,4,5]. 
The majority of surgical masks consist of three/four layers of non-woven fabric, with a spunbond-meltblown-spunbond stacked 
structure that hinders the transmission of small particles and pathogens. Each layer has a different function: the innermost layer 
absorbs moisture, the middle layer works as a filter, and the outermost hydrophobic layer repels respiratory droplets [2,5]. The 
non-woven fabric structure confers excellent barrier properties arising from unique porous networks, which also guarantee good 
breathability [5]. However, the filtration efficiency dramatically declines in a few hours [6,7]. 

Novel technologies have been recently applied to improve surgical masks performances, by adding antibacterial, antiviral, super 
hydrophobic, or self-cleaning/self-disinfecting functionalities. These advanced masks are expected to be more efficient, durable, and 
environmentally friendly [7–11]. Metal nanoparticles (NPs) of silver [12–16], copper [17–19], zinc oxide [17,20], and others, are 
known for their antimicrobial properties, derived from their size, shape, surface charge, functionality and composition. Among them, 
silver nanoparticles (AgNPs) have a wide range of applications in biomedicine and are exploited for their broad-spectrum antimi-
crobial, antioxidant, anti-inflammatory, and wound healing properties [12,21,22]. The antiviral activity of AgNPs was reported 
against several viral strains, such as influenza, HIV, hepatitis B, and SARS-CoV-2 [11,15,17,23]. Moreover, AgNPs have long-term 
stability and are suited for high-scale production [24]. 

Fabrics functionalized with AgNPs have strong antibacterial activity against both gram-negative and gram-positive bacteria [16, 
25]. Natural fabrics have been functionalized by the in situ incorporation of AgNPs into the fabric matrix, obtaining multifunctional 
textiles with long-term antibacterial and UV-protection properties, even after several washing cycles [16]. In hospital environments, 
these textiles can prevent or minimize pathogens infections. The addition of AgNPs to surgical masks enhances their antimicrobial 
action through different mechanisms, other than their inherent filtration properties [4,5,7,21,23,26]. Surgical masks coated with 
colloidal AgNPs by direct soaking demonstrated antibacterial activity against either S. aureus or E. coli, with respect to the untreated 
mask [21]. Baselga et al. presented a virucidal coating based on AgNPs and polyethyleneimine on face masks and other polymeric 
substrates. Their results indicate a very high efficacy, with a viral load reduction of 99.99 % against SARS-CoV-2 virus after 2 h of 
infection [23]. 

In this study, a novel antibacterial and antiviral Ag-coating on surgical mask was developed through the in situ deposition of 
metallic AgNPs on the spunbond PP layer of the mask. Herein, the chemical method selected for the coating is the Silver Mirror 
Reaction (SMR), also known as “Tollens’ Test”, a redox reaction commonly used to detect the presence of aldehydes or ketones in 
alkaline ammoniacal silver solutions [27,28]. Historically, the SMR has been also employed as an efficient coating method for the 
deposition of thin films of silver nanoparticles on glass [29,30], however other organic and inorganic surfaces have been coated [29, 
31,32]. For instance, the SMR has been used on PP substrates, after surface’s sensitization with SnCl2 [32,33], surface activation by 
plasma treatments [34], UV-assisted implantation of functional groups [35], or the use of precoatings such as polyethyleneimine [23], 
poly-dopamine [36], or poly-acrylonitrile [37]. 

The novelty of our study, compared to others, is that the formation and deposition of AgNPs during the SMR process occurs directly 
on the surface of PP microfibers without intermediates. Ag-coatings using the SMR were investigated, evaluating the coatings’ ho-
mogeneity, performing the physico-chemical characterization and assessing the biocompatibility, the antibacterial activity against 
S. aureus and E. coli, and the antiviral properties against SARS-CoV-2. 

2. Materials and methods 

2.1. Chemical reactants 

Cetyltrimethylammonium bromide (CTAB, MW 364.45 g mol− 1), silver nitrate crystals (AgNO3, MW 169.87 g mol− 1), ammonium 
hydroxide (NH4OH, 28.0–30.0 % v/v), D-(+)-glucose (MW 180.16 g mol− 1) and sodium hydroxide (NaOH, MW 40.00 g mol− 1) were 
purchased from Merck KGaA (Darmstadt, Germany). All reagents were used without further purification. Deionized water (dH2O, Dia 
Class 120, Quality Invents s. r.l., Milan, Italy) was obtained via a reverse osmosis process. 

Mouse fibroblasts L929 (ICLC ATL95001) were purchased from Biobanking and Cell Factory Hospital San Martino (Genova, Italy); 
human keratinocytes HaCaT (BS CL 168) were purchased from Biobanking of Veterinary Resources, Istituto Zooprofilattico Sper-
imentale della Lombardia e dell’Emilia Romagna (Brescia, Italy). Escherichia coli and Staphylococcus aureus were purchased from 
Thermo Fisher Scientific (Milan, Italy). 
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2.2. Silver mirror reaction (SMR) on surgical face masks 

Each specimen (1 × 1.5 cm) of the outer spunbond layer of PP surgical masks was immersed in a solution of 1 mM CTAB for at least 
1 min to increase the PP wettability. Then, the SMR was performed by submerging the specimens in the SMR solution obtained by 
adding in order the following reagents: 0.6 mL of 0.2 M silver nitrate AgNO3, 0.1 mL of 28–30 % NH4OH, 1 mL of 0.2 M glucose, and 
0.1 mL of 1 M NaOH. The final AgNO3 concentration is 66.7 mM. 

The SMR was combined with two techniques, specifically.  

1) Sonication. The SMR reaction was carried out in an ultrasonic bath (Labsonic LBS2, Falc Instruments s. r.l., Treviglio, Italy) at 40 ◦C 
for 10 min in dark conditions, with the following parameters: frequency 59 kHz, power 100 %, temperature 40 ◦C. Finally, samples 
were washed with dH2O and dried at room temperature. Samples coated with the SMR and sonication are indicated as Ag-1.  

2) Agitation. The SMR reaction was carried out under continuous agitation in a horizontal shaker (ASAL VDRL 711D, Milan, Italy) at 
40 rpm and 37 ◦C for 40 min. Finally, samples were washed and dried as above. Samples coated with the SMR and agitation are 
indicated as Ag-2. 

2.3. Morphological analysis 

Morphological investigations were performed by stereo microscopy (Axio Zoom V16 equipped with a digital camera AxioCam 506 
Mono, Carl Zeiss, Oberkochen, Germany) at different magnifications, and by scanning electron microscopy (SEM, FlexSEM 1000, 
Hitachi, Tokyo, Japan). ImageJ 1.52 software (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA) was used to estimate 
the silver nanoparticles size on silver-coated PP fibers. 

2.4. Physico-chemical characterization 

The sessile drop method was employed to evaluate the static water contact angle (WCA). A 3 μL drop of dH2O was deposited at 
room temperature on the surface of samples using a micropipette. ImageJ 1.52 was used to measure the contact angles from digital 
images. The average WCA was calculated by measuring at least 6 drops on each sample. 

SEM with Energy Dispersive X-ray Spectroscopy detector (SEM-EDX, FEI Quanta 450 ESEM-FEG, FEI Europe BV, Eindhoven, The 
Netherlands) was used to assess the surface chemical composition of samples. 

Fourier-transform infrared spectroscopy (FTIR) spectra in transmission mode were recorded in the range of 4000–400 cm− 1 

(Spectrum 100, PerkinElmer, Massachusetts, United States). 
X-ray diffraction (XRD) spectra were recorded in the 2Θ angular range at 10–55◦ by using Mo–Kα radiation (λ = 0.709 Å) with 2Θ 

angular steps of 0.05◦ and counting time of 2 s per step (Philips PW 1729 diffractometer, Eindhoven, The Netherlands). The phases 
have been identified by using the JCPDS-ICDD database (Newtown Square, PA 19073, USA) [38]. 

X-ray photoelectron spectroscopy (XPS) was carried out by means of a PHI Versaprobe 5000 spectrometer, equipped with an Al K- 
alpha monochromatic line (1486.6 eV), and by using a double charging neutralization procedure, made up by Ar+ and an electron 
beam, to compensate surface charging phenomena for non-conductive materials. Survey scans have been acquired prior to High 
Resolution (HR) spectra, in order to check for all the elements present on top of the materials. Both survey and HR measurements have 
been collected using a 100 μm size diameter analysis spot. Deconvolution procedures on HR spectra have been carried out by using 
Casa XPS Software (version 2.3.18). 

High-resolution Thermogravimetric Analysis (TGA) was conducted under air flux between 30 and 700 ◦C, by a TA Q500 apparatus 
with Pt sample holders. The samples (7–9 mg) were heated with a maximum heating rate of 3 K/min using a high-resolution ramp. 

2.5. In vitro biocompatibility assessment 

To evaluate the possible cytotoxic effects of silver-coated masks, the indirect contact assay was conducted according to ISO 
10993–5 on L929 mouse fibroblasts and HaCaT human keratinocytes cells as previously reported by Briganti et al. [39]. 

Briefly, L929 and HaCaT cells were routinely cultured in RPMI 1640 with 10 % Fetal Bovine Serum (FBS), 1 % L-Glutamine, and 1 % 
streptomycin-penicillin at 37 ◦C and 5 % CO2. 

Cells were seeded in 96 well plates at 1 × 104 cells/well and 2 × 104 cells/well for L929 and HaCaT, respectively. Samples were UV- 
sterilized for 1 h per side, incubated in cell culture medium (3 cm2/mL) for 24 h at 37 ◦C under agitation, then these conditioned media 
(200 μL/well) were used to treat cells. After 24 h, the cell viability was evaluated by the MTT [3-(4,5 dimethylthiazol-2-yl)-2,5- 
diphenyl tetrazolium bromide] assay (Merck KGaA), accordingly to the manufacturer protocol. A microplate reader (Spectrafluor 
Plus; TECAN Austria GmbH, Grödig, Austria) was used to measure the optical density (OD) at 550 nm wavelength. Cells treated with 
incubated complete medium without samples (blank) were considered as reference and their viability was assumed 100 %. At least 
three independent samples were used for each analysis. 

2.6. Antibacterial activity assessment 

Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-positive) bacteria were chosen to investigate the antimicrobial 
efficacy of the developed silver-coated surgical mask according to the work by Zheng et al. [12]. 
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E. coli and S. aureus were cultured in Mueller-Hinton broth at 37 ◦C. By ABS measurement at 550 nm, 50 colony forming units (CFU) 
in 75 μL of E. coli or S. aureus were estimated and inoculated on round samples (diameter of 8 mm), previously UV-sterilized for 1 h per 
side. After 2 h, bacteria were plated on Mueller-Hinton agar. The number of CFU was determined after 24 h of incubation at 37 ◦C, and 
normalized on the CFU control sample (pristine PP surgical mask) assumed as 100 % of bacteria viability. 

2.7. Antiviral properties assessment against SARS-CoV-2 

The antiviral properties of samples (14 mm of diameter), UV-sterilized for 1 h per side, were evaluated against SARS-CoV-2, as 
previously reported [40,41]. 

The inactivation percentages of the virus were evaluated after 1, 5, 10, 30 and 60 min of contact. The results, expressed as % 
inhibition of viral growth, were normalized on infected and untreated african green monkey kidney cells (VERO E6) control. 

2.8. Scalability 

The two SMR coating reactions were also applied to real-sized samples, about 15 × 12 cm, to investigate the scalability of the 
proposed methods. The SMR was performed in a plastic container with either sonication or agitation methods, maintaining the same 
ratio between SMR solution volume and sample surface used for small specimens. Briefly, samples were first immersed in CTAB, then 
submerged in the SMR solution obtained by adding in order the following reagents: 74.4 mL of 0.2 M AgNO3, 12.4 mL of 28–30 % 
NH4OH, 124 mL of 0.2 M glucose, and 12.4 mL of 1 M NaOH. The final AgNO3 concentration is 66.7 mM. 

2.8.1. Mechanical characterization 
Samples were subjected to uniaxial tensile test at break with the Zwick-Roell Z1.0 testing machine (ZwickRoell GmbH, Ulm, 

Germany), equipped with a 100 N load cell. Rectangular specimens (width 25 mm, gauge length 130 mm) were tested at a crosshead 
speed of 100 mm/min. The thickness was measured before testing with a digital micrometer (MDC-Lite, resolution 0.001 mm, 
Mitutoyo America Corporation, Illinois, United States) in the central part of the specimens and equaled to 240 μm. Failure was set at a 
5 % reduction of the maximum stress. Data were normalized and used to calculate the mechanical properties. The elastic modulus was 
evaluated from the linear tract of the stress-strains curves between 1 and 2 % strain (R2 > 0.99). 

2.8.2. Functional tests of personal protective equipment 
Bacterial filtration efficiency (BFE) and breathability (or differential pressure test) (Pa/cm2) were evaluated following UNI EN 

14683:2019. The BFE test was conducted by the certified laboratory BioRicerche s. r.l. (Grosseto, Italy). 
The breathability test was carried out using Bulldog Plus-R (XEARPRO, Cogliate, Italy). The differential pressure was calculated 

using the following formula (1): 

ΔP =
Xm1 − Xm2

4.9
(1)  

where Xm1 is the pressure in Pa measured by the pressure gauge at bottom side of the sample, Xm2 is the pressure in Pa measured by the 
pressure gauge at top side of the sample, and 4.9 is the area in cm2 of the tested sample. 

2.9. Statistical analysis 

Data are given as mean ± standard deviation (SD). One-way or two-way analysis of variance (ANOVA) was used for comparing 
data, and p value < 0.05 was considered statistically significant. 

Fig. 1. (a) Pristine spunbond polypropylene surgical mask, and silver-coated masks by in situ silver mirror reaction (SMR) combined with (b) 
sonication or (c) agitation methods; scale bar 1 cm. 
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3. Results and discussion 

3.1. Silver coating on surgical masks 

The Ag-1 coating on the surgical face mask was obtained by combining the SMR with the sonication technique and allowed the 
deposition of a uniform golden coating (Fig. 1b) on the outer spunbond PP layer (Fig. 1a); the Ag-2 coating obtained by combining the 
SMR with agitation was also uniform and of grey color (Fig. 1c). The aim of this study was to develop an antiviral and antibacterial 
silver coating on non-woven PP surgical face masks with a one-step process. To allow NPs deposition onto inert polymeric materials, 
such as PP, a pre-activation of the substrate is typically required to increase its chemical reactivity. PP surface can be activated by wet 
chemical treatments (e.g., grafting, pad-dry cure, impregnation, etc.) or physical techniques (γ-radiation, UV treatments, plasma 
treatments) [42]. However, there are major drawbacks derived from these processes: wet treatments usually require a large amount of 
chemicals and have high waste generation, while physical techniques are usually not energy-efficient and the investment costs are 
significant. Instead, in this study, the surface tension of PP was reduced by the CTAB surfactant, which is an inexpensive activation 
method that does not require specific technologies. Then, the silver coating was obtained directly on the spundbond PP layer of 
surgical masks through the in situ formation and deposition of AgNPs on PP fibers by the Silver Mirror Reaction (SI, Silver Mirror 
Reaction) [27,28] combined with two different techniques, sonication and agitation. 

3.2. Morphological analysis 

Pristine, Ag-1, and Ag-2 masks were observed by stereomicroscopy for a qualitative evaluation of the 3D structure of PP fibers 
(Fig. 2a, c, f) and the silver coating, while SEM microscopy was used to further analyze the coating at the level of individual PP 
microfibers (Fig. 2b, d, g). 

The images captured by stereomicroscopy of Ag-1 (Fig. 2c) and Ag-2 (Fig. 2f) show that PP fibers, as well as welding points, were 
completely covered by the silver coating. SEM analysis confirmed that the SMR allows the in situ chemical synthesis and deposition of 
AgNPs directly on the PP fibers during their nucleation phase, while the silver mirror forms on the internal side of the vessel. Spe-
cifically, on Ag-1 the coating appears continuous and dense, and the AgNPs formed are fused together and not distinguishable 
separately (Fig. 2d and e). This was probably related to an excessive and uncontrolled growth during the nucleation phase of the AgNPs 

Fig. 2. Morphological characterization by stereomicroscopy (left) and SEM imaging (middle and right) at different magnifications of the pristine or 
Ag-coated outer spunbond layer of polypropylene face masks. (a, b) Pristine layer; (c, d, e) Ag-1 samples, coated by the sonication method; (f, g, h) 
Ag-2 samples, coated by the agitation method. In stereomicroscopy images, egg-shaped welding points are also visible. Scale bars equal to 500 μm 
(a, c, f), 100 μm (b, d, g), or 2 μm (e, h). 
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produced by SMR and sonication method. On the contrary, Ag-2 presented a more homogenous silver coating with smaller AgNPs with 
an average diameter of about 150 nm (Fig. S1, Supporting Information) and an irregular morphology (Fig. 2g and h). Several clusters 
randomly distributed on the fibers were also observed in both samples. 

3.3. Physico-chemical characterization 

3.3.1. Wettability 
WCA measurements were conducted to verify that the barrier properties of the outer layer of the face mask were preserved. As 

reported by others [26,43], the pristine spunbond PP layer has a hydrophobic behavior with a WCA of 116 ± 4◦; after the coating 
processes, Ag-1 and Ag-2 have only slightly lower WCA, equal to 104 ± 7◦ and 107 ± 4◦, respectively. This demonstrates that the 
presence of both Ag coatings does not affect the ability of the mask to repel infectious droplets. 

3.3.2. SEM-EDX analysis 
SEM-EDX analysis was conducted to evaluate the elemental composition of the coatings. The analysis showed a high signal at 

approximately 0.25 keV and two distinct peaks at around 3.0 keV and 3.2 keV, confirming the pure crystalline character of the metallic 
AgNPs for both Ag-1 (Fig. 3a and b) and Ag-2 coatings (Fig. 3c and d). The intensities of the peaks of Ag-1 are higher compared to Ag-2, 
indicating that more Ag is deposited on PP microfibers by the SMR along with sonication. 

3.3.3. FTIR analysis 
The FTIR spectra of Ag-1 and Ag-2 were comparable to that of pristine PP since no appreciable variations were observed [44], 

indicating that no covalent bonds or molecular complexes formed between AgNPs and the underlying PP (Fig. S2, Supporting In-
formation). This suggests that the silver coating obtained by the SMR, for both methods, probably occurs by physical adsorption rather 
than by chemical bonding. 

3.3.4. XRD analysis 
Fig. 4a shows the XRD spectra of Ag-1 and Ag-2. For comparison, the spectrum of a pristine PP surgical mask is also reported. The 

XRD spectra display the peaks of Ag (JCPDS-ICDD database file 4–783), demonstrating the presence of metallic AgNPs, with a face- 
centered cubic structure [44], on PP microfibers for both samples. In particular, Ag-1 shows all the Ag reflections while only (111), 
(200), (220) and (311) peaks were visible in Ag-2. These results confirm the presence of AgNPs in both masks and a lower AgNPs 
amount in Ag-2 where only the first four reflections of Ag could be detected. 

Fig. 3. SEM-EDX analysis of (a, b) Ag-1 and (c, d) Ag-2 samples. The red squares represent the area of analysis. Scale bar equal to 5 μm.  
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3.3.5. XPS analysis 
XPS analysis has been conducted in order to shed light onto AgNPs’ surface chemical composition, since their interaction with 

biological species is led, not only by their size and shape, but also by their surface chemistry (Fig. 4b). Survey scans have been recorded 
for both Ag-1 and Ag-2 samples (graphs not shown) highlighting the presence of C, O and Ag. No N1s signal has been detected in both 
samples, which suggestes that the Ag precursor (AgNO3) has been completely decomposed during the two deposition reactions. C1s, 
O1s, Ag3d and AgMNN1 HR regions have been acquired, not only to analyze the Ag oxidation state, but also to calculate the relative 
atomic concentration of all the elements present on samples surfaces. 

The following results were obtained for Ag-1 and Ag-2: C1s 54.9 at.% and 65.8 at.%, O1s 12.7 at.% and 16.1 at.% and Ag3d 32.3 at. 
% and 18.1 at.%, respectively. This last result is in accordance with the experimental evidence, reported above, of a different AgNPs 
concentration on the surface of the two samples. Examining the Ag3d doublet, as shown in Fig. 4b, it can be clearly seen that the two 
signals are mostly different. The Ag-1 curve is the one typical for metallic silver (Ag(0)) [45], with very sharp peaks at 368.3 eV 
(Ag3d5/2) and 374.3 eV (Ag3d3/2) and a couple of satellite smaller peaks at about 372 and 378 eV, which are due to “loss features”. 
These features are present only when Ag is in its metallic form, because they arise from the inelastic collision between the photoemitted 
electrons from the 3 d orbital, and the free delocalized electrons cloud, which is a fingerprint of a metallic state. Looking at the Ag-2 
curve, it can be seen that the loss features are not present. 

Moreover, the peaks are less sharp and highly asymmetric, which is due to the overlapping of two different oxidation states: one at 
lower binding energy (367.8 eV) due to Ag2O [46], corresponding to 76.3 % of the total amount of Ag, and another at higher binding 
energy (368.6 eV) due to metallic silver, corresponding to 23.7 %. Thanks to the surface sensitivity of XPS technique, it could be 
assumed that the AgNPs on Ag-2 sample have a “core-shell” structure in which the outer part, the shell, is formed by Ag2O, while the 
inner part, the core, is made up by Ag(0). 

As already mentioned by Milošević et al. [25] the attenuation length in AgNPs is such that the signal arises only from the top 4 nm 
of the surface, with the majority of the signal belonging to the outermost 1.5 nm. This means that the Ag2O outer layer is really thin, 
since it’s possible to detect the Ag(0)signal from below. To have further confirmation about oxidation states, also the Modified Auger 
Parameters (MAP), which takes into account the relative position of the Ag3d5/2 peak and the Ag MNN1 Auger peak, was checked. By a 
simple calculation [47], the following two values were obtained: 726.1 eV and 725.5 eV, for Ag-1 and Ag-2, respectively. The first 

Fig. 4. (a) XRD spectra and (b) XPS analysis of pristine spunbond PP surgical mask, Ag-1 and Ag-2 silver-coated masks.  

Fig. 5. Biological characterization. (a) In vitro biocompatibility on L929 and HaCaT cells by indirect contact test evaluated by the MTT assay. 
Percentage of cell viability with respect to control groups (blanks). (b) Antibacterial activity vs S. aureus or E. coli calculated as the percentage 
reduction of CFU number with respect to the pristine PP surgical mask; * significance between bacterial strains within the same coating type (p <
0.0005). Results are expressed as mean ± SD calculated from at least three independent experiments. 
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value is typical for Ag(0), while the second one is in between Ag(0) reference value (726.1 eV) and Ag2O reference value (724.4 eV). 
Since the MAP gives information related to the average oxidation state of the sample surface, these results confirm the mixture of 
oxidation state obtained from the deconvolution procedure (Fig. 5b). Thus, it can be affirmed that not only the morphological 
characteristics of the AgNPs deposited on Ag-1 and Ag-2 are different, but also the chemical composition of their outer part. 

3.3.6. TGA analysis 
The TGA thermograms of pristine PP mask, Ag-1 and Ag-2 are reported in the supplementary information (Fig. S3, Supporting 

Information). For all samples, the first decomposition stage occurred from room temperature to 150 ◦C indicating the removal of water 
and impurities. The second stage was observed between 180 and 450 ◦C for the pristine and Ag-2 mask and between 180 and 350 ◦C for 
Ag-1, attributed to the decomposition of the polymer. The residual mass of Ag-1 and Ag-2, 28 % and 8 %, respectively, correspond to 
the amount of AgNPs previously deposited on surgical masks, confirming the results obtained from SEM-EDX, XRD and XPS. 

3.4. In vitro biocompatibility assessment 

The possible cytotoxic effect of either pristine or silver-coated masks obtained by the sonication or agitation methods was evaluated 
by indirect contact assay according to ISO 10993–5 on L929 mouse fibroblasts or HaCaT human keratinocytes. Since human kerati-
nocytes are the principal and most abundant cells present in the epidermis, HaCaT have been chosen due to the direct and prolonged 
contact of surgical masks with the skin during wear [48]. The incubation of Ag-coated samples in the culture medium represent a more 
extreme environment with respect to the real contact between mask and skin. From the obtained results, no cytotoxic effect on either 
cell lines was observed with a cell viability higher than 70 % for all tested samples (Fig. 5a). Uncoated surgical mask samples 
(spunbond PP layer) showed high biocompatibility, with average values of 86 % for L929 cells, and 91 % for HaCaT cells. The silver 
coatings obtained with either method slightly reduced the cell viability, but no significant differences were found compared to the 
uncoated masks. Both silver-coated samples are highly biocompatible towards human HaCaT cells proving that the AgNPs would not 
cause any harmful effect after contact with the skin during wear. SEM images of samples incubated 24 h in RPMI clearly show that the 
coatings are preserved (Fig. S4, Supporting Information). This further demonstrates that the SMR, which involves the reduction of Ag 
(I) ions to Ag metal and the oxidation of glucose into gluconic acid, which is non-toxic and biodegradable, does not produce harmful 
byproducts, making it safe for food and pharmaceutical applications. 

3.5. Antibacterial activity assessment 

The antibacterial activity of the proposed silver-coated surgical masks, Ag-1 and Ag-2, was analyzed by a direct contact test based 
on measuring the bacterial colony forming unit (CFU) number after their inoculation on the sample. S. aureus and E. coli were selected 
to perform the test. Specifically, the antibacterial efficacy was calculated as the percentage reduction of the bacterial CFU number with 
respect to the pristine PP surgical mask. Fig. 5b shows that both silver coatings exerted a relevant antibacterial activity reducing both 
S. aureus and E. coli viability. In particular, Ag-1 caused a CFU number reduction of around 24 % and 40 % of S. aureus and E. coli, 
respectively, whereas the decrease of S. aureus and E. coli CFU exerted by Ag-2 was around 48 % and 96 %, respectively. 

According to the literature [49,50], these results demonstrate a higher antibacterial efficacy of both silver coatings versus E. coli 
compared with S. aureus. Martinez-Castanon et al. demonstrated that the minimum inhibition concentration of AgNPs with different 
sizes for all tested samples is lower against E. coli than against S. aureus [50]. More comparisons are presented in Table S1 (Supporting 
Information). 

The Ag-2 sample was characterized by a double percentage reduction of both bacterial CFU with respect to Ag-1. As reported by 
Zheng et al. [12], one of the most important aspects in determining biological function and interaction with cells of AgNPs is their size. 
At same doses, smaller size NPs (e.g., 5 nm in diameter) have greater surface-area-to-volume ratio which improves their interaction 
with bacteria, determining higher antimicrobial efficiency as well as faster bacterial killing behavior [12]. In addition, the shape of 
AgNPs could directly influence the interactions with the bacterial membrane [12,14,51]. 

As discussed above, the different antibacterial properties of Ag-1 and Ag-2 are probably related to the characteristics of the 
coatings, since AgNPs in Ag-1 are fused together, decreasing the surface-area-to-volume ratio, whereas in Ag-2 individual AgNPs 
homogenously coat the microfibers surface. 

3.6. Antiviral properties assessment 

Antiviral properties of Ag-1 and Ag-2 silver masks were performed against SARS-CoV-2 after 1, 5, 10, 30, and 60 min of contact. The 

Table 1 
Antiviral properties of pristine surgical mask (untreated PP) and with Ag-1 and Ag-2 coatings at different timepoints.  

Time points Viral inhibition (%) 

0 1 5 10 30 60 

Polypropylene 0 1 1 0 0 24 
Ag-1 0 24 68 93 99 100 
Ag-2 0 75 90 92 95 100  
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results of virus inhibition are reported in Table 1. The Ag-2 coating showed better antiviral properties than Ag-1 at earlier time points. 
In fact, at 1 min of contact with the SARS-CoV-2, the Ag-2 silver-coated mask had an antiviral capacity of 75 % against 24 % of the Ag-1 
and 90 % against 68 % at 5 min. For longer contact times no differences were observed between samples and both achieved 100 % of 
viral inhibition at 60 min. 

Baselga et al. proposed a silver nanoparticles-polyethyleneimine-based coating on surgical masks showing a viral load reduction of 
98 % after 10 min of contact while the 99.9 % was reached after 2 h of infection [23]. The Ag-2 coating proposed in this study showed 
comparable results. More comparisons are presented in Table S1 (Supporting Information). 

3.7. Scalability 

The two SMR coating reactions were also applied to real-sized samples (about 15 × 12 cm). The Ag-1 coating obtained by soni-
cation appeared extremely nonhomogeneus and even absent in some areas (Fig. 6a). This was probably related to non-uniformly 
distributed cavitation intensities in the ultrasonic bath [52]. Contrarily, the Ag-2 coating had no scale-up drawbacks and was ho-
mogenous throughout the entire surface (Fig. 6b). Despite the biocompatibility and antimicrobial properties of Ag-1, the 
non-scalability limits the application of SMR and sonication method for the development of antimicrobial real-sized surgical mask. 
Therefore, the mechanical testing, BFE and breathability were investigated only for Ag-2 samples. 

3.7.1. Mechanical characterization 
The mechanical characterization aimed at comparing the properties of Ag-coated and pristine masks, and qualitatively evaluating 

the adhesion of AgNPs on PP fibers. The tensile test was performed only on Ag-2 sample due to the better uniformity of the silver 
coating. The failure mechanisms of PP spunbond involve various factors, such as the progressive untangling and reorientation of the PP 
microfibers, the presence of welding points, or the microfibers plastic deformation in the direction of the load [53]. The stress-strain 
curves of Ag-2 and PP had identical profiles (Fig. S5, Supporting Information). Both curves presented an initial linear section and a 
subsequent non-linear section which continued up to the point of maximum stress; after this point, a reduction of the load-bearing 
capacity was observed for both samples (not shown in the curve). The elastic moduli of pristine PP and Ag-2 were highly compara-
ble and equal to 38 MPa, consistently with other results found in the literature [6,54]. Although the Ag-coating procedure had no effect 
on the strength of PP, it appeared to reduce its elongation capacity and, overall, its ductility; for instance, the elongation at break 
decreased from 53 % for PP to 35 % for Ag-2 (Fig. S5, Supporting Information). The breaking takes place in a fairly localized area, 
which undergoes a necking phenomenon, where the microfibers progressively unravel and align with the load direction, up to the 
formation of a single filament; outside this area, the sample does not appear significantly damaged. The color of the microfibers of Ag-2 
remained grey, even at the breaking point where the PP microfibers are macroscopically frayed. Moreover, SEM analysis showed that 
around the breaking point, PP microfibers were plastically deformed, and AgNPs were still deposited on them, although no longer 
homogeneously coated their surface (Fig. S6, Supporting Information). This suggests that the physical adsorption of AgNPs, occurring 
on PP fibers during the coating, provides their strong adhesion on the microfibers’ surface. 

Fig. 6. Real-sized spunbond polypropylene surgical mask silver-coated by in situ silver mirror reaction (SMR) combined with (a) sonication or (b) 
agitation methods; scale bar 1 cm. 
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3.7.2. Functional tests of personal protective equipment 
The BFE and breathability of pristine and Ag-2 masks were measured according to UNI EN 14683:2019. The preservation of these 

two characteristics is essential to ensure the correct functioning of surgical masks and users’ comfort. Due to the thin and homogeneous 
Ag-coating on the spunbond PP fibers, which presented very few clusters, no significant alterations of these two parameters were 
observed with respect to the untreated mask. Specifically, the breathability of masks with the Ag-2 outer layer was around 5.3 Pa/cm2, 
largely below the 40 Pa/cm2 threshold value for type I and type II face masks. Regarding the BFE results, the Ag coating caused a 
reduction of the filtration ability around 5 %. Therefore, the proposed Ag-2 mask is suitable to be used as a commercial single use 
surgical mask with improved antimicrobial properties. 

4. Conclusions 

Two silver-coated polypropylene surgical masks, Ag-1 and Ag-2, were obtained using the Silver Mirror Reaction through sonication 
and agitation methods, respectively, with a simple one-step approach. The Ag-2 sample was characterized by individual AgNPs (~150 
nm) uniformly coating PP microfibers, whereas in Ag-1 AgNPs were fused together, forming a continuous and dense layer. Both 
coatings possessed significant biological properties, such as biocompatibility on human keratinocytes, antibacterial activity versus 
E. coli and S. aureus, and antiviral action versus SARS-CoV-2. Nonetheless, only the SMR combined with agitation was scalable to real- 
size samples. The SMR is simple and reproducible, requires few reagents, mild temperatures, short reaction times and no expensive 
equipment are required, resulting in a scalable method for industrial applications. Based on the obtained results, the SMR combined 
with agitation could be applied for the functionalization of other fabric substrates to develop antibacterial and antiviral personal 
protective equipment, especially for medical facilities. Further investigations could be performed to optimize the concentration of 
AgNO3 used in the SMR solution and reduce the coating costs. 
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