
20 July 2026

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Durable SiO2-ZrO2-Ag coatings produced via co-sputtering method for sustained antimicrobial activity on air filtration
media / Luceri, A., Martorino, M., Baino, F., Balagna, Cristina.. - In: SURFACE AND COATINGS TECHNOLOGY. - ISSN
1879-3347. - 536:(2026), pp. 1-12. [10.1016/j.surfcoat.2026.133757]

Original

Durable SiO2-ZrO2-Ag coatings produced via co-sputtering method for sustained antimicrobial activity
on air filtration media

Publisher:

Published
DOI:10.1016/j.surfcoat.2026.133757

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/3013015 since: 2026-07-13T09:16:59Z

Elsevier
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A B S T R A C T

The development of multifunctional antimicrobial surfaces is critical for healthcare, air filtration, and hygiene- 
sensitive applications. In this work, innovative SiO₂–ZrO₂–Ag composite coatings were obtained via physical- 
vapor deposition (PVD) co-sputtering, and successfully applied on both cotton fabrics and high-efficiency par
ticulate air (HEPA) H14 filters. The coatings consist of a robust silica–zirconia matrix embedding silver nano
clusters, providing simultaneous chemical stability, controlled silver release, and broad-spectrum antibacterial 
activity. Morphological, compositional, and structural analyses confirmed uniform deposition, amorphous matrix 
formation, and nanoscale silver cluster incorporation. Antibacterial performance was evaluated through inhi
bition halo assays, CFU counting, and a bioaerosol contamination test, demonstrating effective suppression of 
both Gram-positive (Staphylococcus epidermidis) and Gram-negative (Escherichia coli) bacteria, as well as reduced 
surface colonization under realistic conditions. Durability tests revealed sustained antibacterial efficacy after 
repeated washing cycles, highlighting the long-term stability of the coatings. Overall, the results suggest a 
versatile and potentially scalable strategy for producing antimicrobial surfaces with tunable properties, offering a 
promising solution for textiles, filtration systems, and other applications requiring long-lasting microbial control.

1. Introduction

Indoor air quality (IAQ) has become a major public health concern,
as bioaerosol accumulation in relatively closed or confined environ
ments significantly contributes to respiratory diseases and healthcare- 
associated infections (HAIs) [1–4]. Although heating, ventilation and 
air conditioning (HVAC) systems equipped with filtration units can 
remove airborne particulates [5], filters may also act as reservoirs for 
microbial growth [6] and re-aerosolization, thus increasing contami
nation risks if not properly maintained [7]. The necessity for active, 
long-term antimicrobial protection on air filtration media is thus para
mount, as conventional disinfection methods often lack sustained effi
cacy and can introduce harmful residues [8,9]. Silver nanoparticles 
(AgNPs) are among the most effective broad-spectrum antimicrobial 
agents, acting through controlled Ag+ release, ROS generation, and 
bacterial membrane disruption [10–12]. However, Ag-containing coat
ings obtained through traditional deposition routes can suffer from 
limited durability, weak mechanical adhesion and uncontrolled silver 
release [13]. Embedding AgNPs within a stable inorganic matrix is 
therefore essential to ensure sustained antibacterial performance. Silica 

(SiO₂) has been widely investigated for this purpose, due to its chemical 
stability, biocompatibility, and ability to host metal nanoclusters, while 
enabling gradual ion release [14–19]. Recent studies have shown that 
spherical silica particles functionalized with silver ions exhibit strong 
antimicrobial activity against antibiotic-resistant strains, too, making 
them promising candidates for frequently touched or contaminated 
surfaces [20]. Research on silver–silica systems has increasingly focused 
on tailoring morphology and enhancing antibacterial performance. For 
instance, Fernandez-Lodeiro et al. [21] employed adenosine mono
phosphate to obtain homogeneous silica shells around AgNPs, achieving 
controlled dissolution and significant activity against Gram-negative 
bacteria. Similarly, the surface charge and shell thickness of meso
porous silica-coated AgNPs embedded in polymers were shown to 
strongly affect bactericidal action toward E. coli and S. aureus [22]. In 
addition to structural and surface modifications, the development of 
hybrid silica-based systems has attracted increasing attention as a 
strategy to further tune antimicrobial activity and surface functionality. 
As demonstrated, for example, by chitosan-coated silica beads func
tionalized with AgNPs [23], or titania–silica xerogels that improve both 
hydrophilicity and antimicrobial resistance via sustainable synthesis 
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[24]. Green synthesis approaches based on plant extracts have recently 
emerged as promising alternatives for the production of antibacterial 
and antiviral AgNPs. In particular, bioactive compounds derived from 
Camellia chrysantha and Quisqualis indica were shown to promote 
nanoparticle stabilization and enhance antimicrobial activity, demon
strating the potential of eco-friendly synthesis routes for biomedical 
applications [25,26].

Apart from silica coatings, zirconia-based materials have also 
attracted recent attention due to their antimicrobial potential and better 
long-term stability upon contact with aqueous media. For example, 
porous zirconia impregnated with silver nitrate enabled excellent 
nanoparticle dispersion and improved antibacterial response, making it 
suitable for implant applications [27]. Given the increasing need to 
control airborne microbial transmission, several antimicrobial filtration 
strategies have been proposed, including PLA/chitosan membranes 
[28], triclosan-modified PP filters, graphene–silver hybrids [29], 
chlorhexidine-treated fibers [30], AgNP-coated nanofibers [31,32], and 
multifunctional Ag/ZnO/TiO₂ nanocoatings [33]. However, many of 
these systems still face challenges related to durability, adhesion, and 
controlled silver release. Although silver coatings are widely recognized 
for their strong antibacterial activity, maintaining long-term perfor
mance requires controlling silver release and preventing rapid depletion 
of the active phase. Embedding silver nanoclusters within inorganic 
oxide matrices has therefore been widely investigated as a strategy to 
moderate Ag+ release, improve coating durability, and prolong anti
microbial activity over time. Silica-based matrices, in particular, can 
promote gradual ion release, while zirconia contributes to enhanced 
chemical stability in aqueous environments [15,17]. In this context, the 
combination of SiO₂ and ZrO₂ is particularly attractive, since silica 
promotes controlled ion diffusion whereas zirconia improves chemical 
durability and resistance to hydrolytic degradation. Beyond antibacte
rial performance, this approach also supports the development of more 
durable and resource-efficient antimicrobial systems, in line with sus
tainability and circular-economy principles. In this context, durability 
should not be interpreted as filter recyclability or repeated regeneration, 
but rather as the ability of the antimicrobial coating to maintain func
tionality and structural integrity throughout the operational lifetime of 
the filtration material, while minimizing uncontrolled silver dispersion 
into the environment.

Unlike previously reported single-oxide systems (SiO₂ or ZrO₂), this 
work proposes a hybrid SiO₂–ZrO₂ matrix designed to decouple silver 
release and chemical stability. This dual-function approach enables a 
balance between sustained antibacterial activity and resistance to 
aqueous degradation, which may be difficult to achieve using single- 
oxide coatings. Although PVD primarily modifies the outermost fibers, 
microbial colonization is known to occur mainly on the exposed surface 
layers, making surface functionalization an effective strategy.

2. Materials and methods

2.1. Deposition of composite coatings

The PVD co-sputtering technique was employed for the deposition of 
composite coatings, leveraging the versatility of this method that en
ables the simultaneous use of multiple targets through a simple and 
environmentally friendly process. The coatings consisted of a mixed SiO₂ 
and ZrO₂ matrix (the latter selected due to its stability and durability) 
incorporating silver (Ag) nanoclusters to impart antibacterial function
ality. The deposition was carried out following a patented procedure 
[34], with each target operating under specific power conditions opti
mised based on previous studies and tailored to the intended applica
tion. In particular, the silica target (99.99% SiO₂, Nanovision™) was 
powered at 200 W in radio frequency (RF) mode, the zirconia target 
(99.98% ZrO₂, Nanovision™) at 250 W in RF mode, and the silver target 
(99.9% Ag, Franco Corradi) at 5 W in direct current (DC) mode. The 
process was performed in a pure argon atmosphere at a pressure of 5.5 

dPa for a total deposition time of 1 h. The coatings were deposited on 
commercial high-efficiency particulate air (HEPA) H14 filters, which 
can retain at least 99.97% of particles ≥0.3 μm, including dust and 
bacteria. The functionalization aimed at conferring antibacterial activ
ity, thereby inhibiting bacterial proliferation on the filter surface. To 
further assess coating durability, including resistance to water exposure 
and washing cycles, additional depositions were carried out on com
mercial cotton fabrics, used as model substrates to evaluate coating 
stability under extreme aqueous exposure conditions, rather than to 
replicate real HEPA operating conditions [17,35].

2.2. Chemical, morphological and structural analyses

The chemical composition of the coatings was analysed by energy- 
dispersive spectroscopy (EDS, EDAX PV 9900™), determining the 
atomic percentages of Si, Zr, and Ag, while the surface morphology was 
investigated by field-emission scanning electron microscopy (FESEM, 
QUANTA INSPECT 200; Zeiss SUPRA 40). Additional nanoscale 
morphological and compositional analyses of the SiO₂–ZrO₂–Ag coatings 
were performed by high-resolution scanning transmission electron mi
croscopy (HR-STEM, Talos Thermo Scientific, LaB₆ source) operated at 
200 kV. The acquired HR-STEM images were subsequently processed 
and analysed using ImageJ software. Structural analysis was performed 
by X-ray diffraction (XRD, Bragg–Brentano X'Pert, Philips) in grazing 
incidence mode, using a fixed incidence angle of 1◦, to assess the 
amorphous or crystalline nature of the SiO₂–ZrO₂ matrix and to detect 
the presence of Ag nanoclusters. Complementary optical characteriza
tion was carried out by UV–Visible absorption spectroscopy (UV–Vis, 
Shimadzu UV-2600) in the 200–700 nm range to further support the 
formation of silver nanoclusters.

2.3. Silver ion release test

The release of Ag ions from the composite coatings was assessed by 
ion release experiments in aqueous medium. Specifically, coated cotton 
specimens (1 × 1 cm2) were immersed in 30 mL of Milli-Q water at room 
temperature, with the functionalized surface oriented upward. The 
release medium was collected after 1 h, 3 h, and 1, 7, and 14 days. For 
each time point, three replicate samples were analysed in duplicate. The 
concentration of silver ions released into the solution (ppm) was quan
tified using a Hanna Instruments™ spectrophotometer. Silver concen
tration was expressed as mean ± standard deviation.

2.4. Antibacterial tests

2.4.1. Inhibition halo test
The inhibition halo test was employed to qualitatively assess the 

antibacterial activity of Ag-containing coatings, following the NCCLS 
M2-A9 protocol [36]. The assay measures bacterial growth suppression 
through the formation of inhibition zones surrounding coated samples 
placed on inoculated agar plates. Tests were conducted on SiO₂–ZrO₂ 
and SiO₂–ZrO₂–Ag coated cotton fabrics, as well as on SiO₂–ZrO₂–Ag 
coated HEPA filters. Uncoated substrates were used as negative controls. 
Two bacterial strains were selected: the Gram-positive Staphylococcus 
epidermidis (ATCC 14990) and the Gram-negative Escherichia coli (ATCC 
8739). Bacteria were initially cultured on Columbia Blood Agar 
(S. epidermidis) and Nutrient Agar (E. coli), then suspended in Muel
ler–Hinton broth and adjusted to 0.5 McFarland turbidity standard 
(≈108 CFU/mL). The suspensions were spread on Nutrient Agar plates, 
and coated square samples (10 mm × 10 mm) were placed on the agar 
surface with the coated side facing downward. After incubation at 35 ◦C 
for 24 h, the diameters of inhibition zones were measured to assess 
antibacterial performance. Results were expressed as mean ± standard 
deviation. In the presence of multiple (concentric) inhibition zones, the 
outer antibacterial halo was considered for quantitative analysis.
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2.4.2. Durability of antibacterial coatings under repeated washing
The washing resistance test was designed to evaluate both the 

chemical durability of the coatings in aqueous environments and the 
preservation of antibacterial functionality upon repeated washing. 
Cotton was used as a model substrate to simulate extreme aqueous 
exposure conditions and evaluate coating stability, rather than to 
replicate real HEPA operating conditions. Washing durability was 
assessed in terms of both coating retention and preservation of anti
bacterial activity. For each cycle, fabric specimens (20 mm × 20 mm) 
were immersed in 100 mL of Milli-Q water containing 0.2 g of stan
dardized detergent (WOB 1993, Testfabrics Inc.), and agitated in a 
thermostatic bath at 50 ◦C and 130 rpm for 30 min. The samples were 
then rinsed with distilled water and air-dried at room temperature 
before characterization. Tests were performed after 5, 10, and 20 cycles. 
Post-washed samples were analysed by EDS to determine elemental 
retention and by inhibition halo assays to confirm antibacterial efficacy.

2.4.3. Count of the colonies forming units (CFU) test
Quantitative antibacterial efficacy was determined by CFU counting 

according to the NCCLS M7-A6 protocol [37]. The assay was carried out 
on uncoated filters, SiO₂–ZrO₂–Ag coated filters (20 mm × 5 mm), and 
broth-only controls, using Staphylococcus epidermidis as the test strain. 
Bacterial suspensions (5 × 105 CFU/mL) were prepared in Muel
ler–Hinton broth, and the samples were immersed in the medium. After 
incubation at 35 ◦C for 24 h, two complementary analyses were per
formed: (i) bacterial proliferation in broth – the culture medium in 
which the samples were incubated was collected and subjected to CFU 
counting to evaluate the extent of bacterial growth in the surrounding 
environment, and (ii) bacterial adhesion to the filter surface – after in
cubation, the filters were transferred into sterile saline and treated by 
vortexing followed by ultrasonication to detach microorganisms 
adhered to the surface. The resulting suspensions were serially diluted, 
and 100 μL aliquots were plated on Columbia Blood Agar and incubated 
for 24 h at 35 ◦C. Colony counts were converted into CFU values ac
cording to the equation: 

CFU = number of colonies× diluition factor 

2.4.4. Contamination test
To simulate realistic operating conditions, a bioaerosol 

contamination test was performed on HEPA filters, according to the 
method described in the CEN Workshop Agreement CWA 18309:2025 
[38]. Staphylococcus epidermidis was selected as the model bacterium, 
while uncoated filters served as controls. A concentrated bacterial broth 
was prepared by incubating S. epidermidis in brain heart infusion (BHI) 
medium for 24 h, reaching a McFarland index of ≈7. This suspension 
was aerosolized using a bioaerosol generator (TOPAS ATM 220) and 
directed through a funnel onto coated and uncoated filter samples (40 
mm × 40 mm for qualitative analysis, 20 mm × 5 mm for quantitative 
assessment) (Fig. 1). Following a 30 min exposure, two complementary 
evaluations were performed. To have a qualitative assessment, exposed 
filters were placed onto Mueller–Hinton agar plates and incubated for 
24 h at 35 ◦C. The presence or absence of colonies on the contact agar 
surface was used to visually assess antibacterial efficacy. For the quan
titative assessment, the exposed filters were immersed in sterile Muel
ler–Hinton broth (free of bacteria) and incubated for 24 h at 35 ◦C. 
Bacterial proliferation in the broth was evaluated by CFU counting, as 
described in Section 2.4.3. In parallel, the same filters were vortexed and 
ultrasonicated in saline to detach adhered bacteria, allowing quantifi
cation of bacterial colonization directly on the filter surface. This 
approach enabled the evaluation of both airborne contamination resis
tance and surface colonization under conditions mimicking real filter 
operation.

3. Results and discussion

3.1. Morphological, chemical and structural analysis

Images of cotton fabrics and HEPA H14 filter are reported in Fig. 2. In 
particular, the uncoated cotton substrate (Fig. 2(a)) and the uncoated 
HEPA filter (Fig. 2(d)), at low magnifications, showed a smooth and 
randomly distributed fibrous network.

At high magnification, FESEM uncoated cotton and HEPA (Fig. 2(b) 
and (e)) displayed smooth surfaces, while the SiO₂–ZrO₂–Ag coated fi
bers (Fig. 2(c) and (f)) exhibited a homogeneous layer with globular 
morphology, confirming successful deposition. The coating appeared 
continuous and evenly distributed along the fiber surfaces. At this 
magnification, silver nanoclusters, which are embedded within the sil
ica–zirconia matrix, are not individually distinguishable.

To further investigate the nanoscale morphology of the coating and 

Fig. 1. Contamination test: (a) bioaerosol generation setup used for the contamination test, showing the bacterial suspension inside the generator; (b) arrangement of 
filter samples in a Petri dish, with a funnel placed on top to guide the bioaerosol flow directly onto the samples during exposure.

A. Luceri et al.                                                                                                                                                                                                                                   Surface & Coatings Technology 536 (2026) 133757 

3 



directly confirm the incorporation of silver nanoclusters within the 
SiO₂–ZrO₂ matrix, STEM and elemental mapping analyses were per
formed (Fig. 3). TEM observations suggested the presence of nanoscale 
Ag-rich domains embedded within the amorphous oxide matrix. In 
addition, Ag elemental mapping confirmed the homogeneous spatial 
distribution of silver throughout the coating. These observations provide 
strong evidence supporting the incorporation of Ag nanoclusters within 
the hybrid SiO₂–ZrO₂ structure.

However, the overall morphology appears similar to that previously 
obtained [14,17,35,39], despite the presence of a matrix deposited from 
two targets. Therefore, additional analyses were performed to confirm 
the presence of silver within the coating. EDS analyses corroborated the 
morphological observations, highlighting clear compositional differ
ences between uncoated and coated substrates, as shown in Table 1. For 
the cotton fabrics, no detectable signals of Si, Zr, or Ag were found in the 
uncoated sample, confirming the absence of inorganic phases. In 
contrast, the SiO₂–ZrO₂ coating without silver nanoparticles exhibited 
silicon (5.13 at.%) and zirconium (1.57 at.%) content, indicating suc
cessful matrix deposition. In the SiO₂–ZrO₂–Ag coating, silver was 
additionally detected at 4.08 at.%, confirming the incorporation of Ag 
into the matrix. EDS measurements were performed at multiple areas on 
the sample surface to account for substrate heterogeneity. About the 
HEPA filter, EDS of the uncoated substrate revealed the silicon signal 
(~17.0 at.%) originating from the native material composed of glass 
fiber. In the coated HEPA filter, zirconium (1.27 at.%) and silver (1.71 
at.%) were additionally detected, while the silicon content remained 
nearly constant, suggesting that the deposited layer contributed mini
mally to the overall Si signal. These findings confirm the effective 
incorporation of the SiO₂–ZrO₂–Ag coating, in agreement with previous 
reports on silica/silver and zirconia/silver coatings applied to glass-fiber 
and polymeric air filters [17,40].

EDS measurements were performed at multiple areas on the sample 
surface to account for substrate heterogeneity. The relatively higher 
standard deviation observed for Ag content in the cotton-based coating 
can be attributed to the intrinsic roughness and three-dimensional 
fibrous structure of the cotton substrate, which may locally influence 
coating thickness and consequently the detected Ag signal. Therefore, 
the observed variability is mainly associated with local morphological 
heterogeneity rather than with macroscopic inhomogeneity of the 

coating distribution.
To better understand the structural properties of the coatings, 

UV–Vis spectroscopy was performed and results for the SiO₂–ZrO₂ and 
SiO₂–ZrO₂–Ag coatings deposited on soda–lime glass model substrates 
are shown in Fig. 4(a). The SiO₂–ZrO₂ coating displayed a flat absorption 
profile across the visible spectrum, consistent with the negligible light 
absorption expected from a purely oxide matrix lacking plasmonic 
components. In contrast, the SiO₂–ZrO₂–Ag sample exhibited a distinct 
absorption band centred at 414 nm, corresponding to the localized 
surface plasmon resonance (LSPR) of Ag nanoclusters [41,42]. The 
presence and position of this band suggest the successful incorporation 
of Ag and the formation of nanoscale metallic clusters. The increased 
absorbance observed in the 500–800 nm region can be attributed to 
enhanced light scattering effects and to a broader size distribution and/ 
or partial aggregation of Ag nanoclusters, which may lead to plasmon 
band broadening toward longer wavelengths [43].

XRD patterns of the SiO₂–ZrO₂ and SiO₂–ZrO₂–Ag coatings deposited 
on soda–lime glass model substrates are presented in Fig. 4(b). Both 
coatings exhibited a broad amorphous halo in the 2θ range of 20–35◦, 
characteristic of non-crystalline silica/zirconia matrices. Although zir
conia is typically crystalline, co-sputtering with silica suppresses its 
crystallization, leading to an amorphous phase. In the SiO₂–ZrO₂–Ag 
coating, the diffraction peaks located at approximately 2θ ≈ 38◦, 44◦, 
64◦, and 77◦ were attributed to the (111), (200), (220), and (311) planes 
of face-centered cubic (fcc) metallic Ag, respectively, in agreement with 
standard reference data (JCPDS No. 04-0783) [44,45]. A rough esti
mation based on the Scherrer equation, using the Ag (111) reflection, 
suggested an average crystallite size of approximately 44 nm, confirm
ing the nanoscale nature of the Ag crystalline domains. However, due to 
peak broadening, the absence of instrumental broadening correction, 
and the partially amorphous character of the SiO₂–ZrO₂ matrix, this 
value should be regarded only as an approximate indication. These 
findings support the coexistence of an amorphous oxide matrix and 
crystalline Ag nanoclusters, in agreement with previous studies on 
similar composite coatings [14,17,40].

Although XPS analysis would provide further insight into the 
oxidation state of silver and the chemical bonding within the SiO₂–ZrO₂ 
network, the combined evidence from XRD and UV–Vis analyses sup
ports the presence of metallic Ag nanoclusters embedded in the oxide 

Fig. 2. FESEM images at low magnification of (a) uncoated cotton; (d) uncoated HEPA. FESEM images at high magnification of (b) uncoated cotton and (e) uncoated 
HEPA. FESEM images at high magnification of (c) SiO₂–ZrO₂–Ag coated cotton and (f) SiO₂–ZrO₂–Ag coated HEPA.
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matrix. In addition, the observed durability during washing tests and the 
controlled Ag+ release behaviour suggest an effective stabilization of 
silver within the hybrid structure. Therefore, the present results provide 

indirect but consistent evidence of the functional role of the SiO₂–ZrO₂ 
matrix.

3.2. Silver ions release

The silver ion release kinetics were monitored over a 14-day im
mersion period in aqueous medium, as shown in Fig. 5. The Ag+ con
centration exhibited a rapid initial increase, reaching a peak at day 7 
(~0.45 ppm) followed by a slight decline by day 14 (~0.4 ppm), indi
cating a sustained release behaviour. Notably, the release obtained from 
the silica–zirconia composite matrix exhibits intermediate performance 
between that of pure silica and pure zirconia matrices: in a previous 
study [17], the pure silica coating showed a higher Ag+ release after 7 
days, whereas the present composite system displays a more gradual 
profile that suggests the potential for prolonged antibacterial activity (as 
confirmed in Section 3.3). In addition, as already shown in [46], the 

Fig. 3. STEM and STEM-EDS characterization of the SiO₂–ZrO₂–Ag coating. (a) TEM image showing the morphology of the matrix and Ag nanoclusters; (b–d) STEM- 
EDS elemental maps illustrating the distribution of Si, Zr, and Ag within the coating.

Table 1 
Result of the EDS compositional analysis of Si, Zr and Ag content (in %at) in 
uncoated cotton and HEPA, on SiO2-ZrO2 coating and on SiO2-ZrO2-Ag coating 
on cotton and HEPA.

Si [% at.] Zr [% at.] Ag [% at.]

Uncoated COTTON 0.05 ± 0.05 n.d. n.d
Uncoated HEPA 16.95 ± 0.67 n.d. n.d.
SiO2-ZrO2 1.44 ± 0.15 1.39 ± 0.08 n.d.
COTTON_SiO2-ZrO2-Ag 2.47 ± 0.46 1.52 ± 0.18 4.08 ± 1.16
HEPA_SiO2-ZrO2-Ag 16.89 ± 1.00 1.27 ± 0.11 1.71 ± 0.15

n.d. = not detected.

A. Luceri et al.                                                                                                                                                                                                                                   Surface & Coatings Technology 536 (2026) 133757 

5 



presence of an Ag-embedding soluble matrix is crucial to improve con
trol over silver ion release, if compared to systems based on AgNPs with 
no matrix support.

Such slow and sustained Ag release is crucial to balance effective 
antibacterial performance with biosafety in applications involving 
extended contact with biological environments.

3.3. Antibacterial tests

3.3.1. Inhibition halo test
The inhibition halo assay was conducted on both cotton and HEPA 

filter substrates to qualitatively confirm the antibacterial efficacy of the 

SiO₂–ZrO₂–Ag coating. The tests were performed against Staphylococcus 
epidermidis and Escherichia coli bacteria strains, evaluating the coated 
substrates and uncoated ones, the latter used as negative controls. The 
results of inhibition halo test on cotton and HEPA filters are reported in 
Fig. 6 (a) and (b), respectively.

After 24 h of incubation, no inhibition halos were observed around 
uncoated samples, but some colonies grew in contact with the samples, 
confirming the absence of any intrinsic antibacterial property in the base 
substrates. For both cotton and HEPA substrates, the antibacterial 
response of the SiO₂–ZrO₂–Ag coating was clearly strain-dependent. In 
the case of S. epidermidis, a well-defined and clear inhibition halo 
(dimension about 2 cm), completely free of bacterial colonies, was 

Fig. 4. Microstructural investigations: (a) UV–Vis analysis and (b) XRD on SiO₂–ZrO₂ and SiO₂–ZrO₂–Ag coatings deposited on soda-lime glass.

Fig. 5. Silver ion release profile (in water) of SiO₂–ZrO₂–Ag coating on cotton fabrics over 14 days.

A. Luceri et al.                                                                                                                                                                                                                                   Surface & Coatings Technology 536 (2026) 133757 

6 



consistently observed around both substrates, indicating an effective 
and localized bactericidal action. Notably, in the case of HEPA sub
strates, the well-defined primary inhibition halo was accompanied by 
the presence of an outer peripheral region characterized by reduced 
bacterial density, although not completely free of colonies. The obser
vation of this additional peripheral region suggests a prolonged and 
spatially extended antimicrobial effect, as already described in other 
works [47,48]. Conversely, for E. coli, no sharply delineated “no- 
growth” inhibition halo was observed. In the case of coated cotton 
samples, a very narrow region immediately surrounding the sample 
appeared almost free of bacterial colonies. This inner region was fol
lowed by a broader area characterized by a reduced bacterial density 
compared to the background lawn, indicating partial growth suppres
sion rather than complete inhibition.

In contrast, HEPA-based samples exhibited a more complex halo 
structure. In this case, a double halo could be observed around the 
coated samples: an inner region close to the sample where bacterial 
colonies were still present but with a relatively higher density, followed 
by a wider outer region where the bacterial growth appeared visibly 
reduced. This pattern suggests a spatially heterogeneous antibacterial 
effect.

Furthermore, a difference in the overall halo size was observed be
tween the two substrates, which is likely related to the different struc
tural and physicochemical properties of cotton and HEPA filters, 
potentially influencing the diffusion and local availability of antimi
crobial species.

These findings are consistent with results reported in previous 
studies, which have also shown a more pronounced antibacterial effect 
against Gram-positive rather than Gram-negative bacteria [14]. The 
stronger inhibitory response observed here against S. epidermidis 
compared with E. coli is consistent with our previous findings. In a 
former study carried out by the same research group [40], a zirco
nia–silver nanocomposite coating was deposited using the same tech
nique onto polymeric membranes for water filtration. In addition to 
inhibition halo measurements, that work also included filtration tests 
performed with suspensions containing both Gram-positive and Gram- 
negative bacteria. Under those conditions, the nanocomposite led to 
an almost complete reduction of B. subtilis and a substantial decrease in 
L. monocytogenes, whereas the antibacterial effect against E. coli 
remained only partial and did not achieve full inactivation. These out
comes further suggest that Ag-based coatings tend to exhibit higher 
effectiveness toward Gram-positive strains, likely due to differences in 
cell wall architecture and associated susceptibility. In support of this, 
zirconia filters containing silver nanoparticles were developed and 

demonstrated a strong effect against S. aureus but not against E. coli [49]. 
In addition, in [50], the Gram-positive B. subtilis strain was found to be 
more sensitive than E. coli to hybrid silica- 
hydroxypropylmethylcellulose, SiO₂–HPMC, materials containing sil
ver nanoparticles, an effect attributed to structural differences in the 
bacterial cell wall and, consequently, to the distinct ability of silver 
nanoparticles to inhibit growth. Similarly, our observations are in 
agreement with the work of Azocar et al. [51] who reported stronger 
antibacterial activity of hybrid zirconia films with silver nanoparticle 
coatings, obtained by sol-gel method, against Gram-positive bacteria. In 
that study, larger inhibition zones were obtained for S. aureus and L. 
monocytogenes and this behaviour was mainly ascribed to the structure 
of the Gram-positive bacterial cell membrane. The thicker peptido
glycan layer and the presence of negatively charged teichoic acids may 
promote the interaction with Ag+ ions and facilitate membrane per
meabilization, whereas the additional outer membrane of Gram- 
negative bacteria may act as a diffusion barrier, limiting nanoparticle 
penetration and ion transport.

3.3.2. Durability of antibacterial coatings under repeated washing
Although conventional HEPA filtration media are generally not 

intended to be washed during practical use, accelerated aqueous expo
sure tests are widely employed to assess the chemical durability, coating 
adhesion, and retention of functional properties under harsh conditions. 
In the present work, washing experiments were not designed to repro
duce real HEPA maintenance procedures, but rather to provide a severe 
stability assessment of the SiO₂–ZrO₂–Ag coating system under repeated 
aqueous stress. Although these conditions are intentionally more severe 
than real HEPA operating environments, they provide useful informa
tion regarding coating robustness under prolonged humidity exposure 
or accidental contact with moisture, conditions that may still occur in 
HVAC systems during service.

The washing durability study was carried out to evaluate coating 
stability and the persistence of antibacterial properties after repeated 
washings. For this test, cotton was used as model substrate, in order to 
simulate extreme aqueous exposure. Compositional analysis by EDS 
(Fig. 7) revealed a progressive decrease in the atomic percentages of Si, 
Zr, and Ag, indicating partial dissolution of the coating during repeated 
washing. In particular, the silver content decreased by ~50% after 5 
cycles and remained relatively stable up to 20 cycles. This stabilization 
suggests that a fraction of Ag remained embedded in the SiO₂–ZrO₂ 
matrix, contributing to sustained antimicrobial functionality. The 
incorporation of Ag within the SiO₂–ZrO₂ network provides controlled 
release behaviour and improved coating retention. This observation is 

Fig. 6. Inhibition halo test against (a) S. epidermidis and (b) E. coli on Uncoated COTTON, COTTON_SiO₂_ZrO₂_Ag, uncoated HEPA and HEPA_SiO₂_ZrO₂_Ag.
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consistent with previous studies reporting that embedding silver nano
particles within inorganic or hybrid matrices can reduce rapid silver 
depletion and enhance long-term stability by moderating Ag+ release 
[52,53]. The silicon content decreased from about 2.47 at.% to 1.15 at. 
% after 5 cycles and then plateaued, reflecting the high solubility of the 
silica component. By contrast, the zirconium content remained nearly 
constant at ~0.90 at.%, demonstrating its superior resistance to aqueous 

environments. These findings are consistent with previous studies [17], 
which reported high solubility for silica-based coatings and enhanced 
stability for zirconia. Although absolute compositional values obtained 
by EDS should be interpreted cautiously due to the semi-quantitative 
nature of the technique, the observed compositional trends after 
washing were reproducible across multiple measurements. The reported 
standard deviations mainly reflect the intrinsic heterogeneity and rough 

Fig. 7. Compositional analysis of SiO₂–ZrO₂–Ag coated cotton in the as-deposited form and after 5, 10 and 20 simulated washing cycles.

Fig. 8. Inhibition halo test against (a) S. epidermidis and (b) E. coli on COTTON_SiO2_ZrO2_Ag as deposited, and after 5, 10 and 20 simulated washing cycles.
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fibrous morphology of the substrate. In this regard, it is also worth 
highlighting that zirconia is frequently employed in biomedical appli
cations involving exposure to aqueous environments due to its 
remarkable resistance to dissolution. These results align with the main 
objective of the study, namely improving the water stability of silica- 
based coatings through zirconia incorporation, since silica alone is 
known to dissolve under aqueous exposure [17], in order to have a 
controlled and more prolonged release of silver ions. The observed 
stabilization of silver within the hybrid oxide network further highlights 
the advantage of the SiO₂–ZrO₂ matrix compared to pure silver coatings, 
which are often characterized by rapid ion release and limited long-term 
stability. By moderating Ag+ release and improving coating durability, 
the hybrid structure may contribute to reducing excessive silver 
dispersion into the environment while maintaining prolonged antibac
terial functionality.

Inhibition halo tests (Fig. 8) confirmed the persistence of antibac
terial activity after repeated washing. For S. epidermidis, distinct inhi
bition zones were still detectable after 20 cycles, albeit with slightly 
reduced diameters (from about 2.0 cm to about 1.4 cm), in agreement 
with the partial Ag loss observed by EDS. Against E. coli, inhibition halos 
were less pronounced, showing only partial growth suppression: this 
outcome is in line with the previously described reduced susceptibility 
of Gram-negative bacteria. Overall, the SiO₂–ZrO₂–Ag coating exhibited 
good chemical durability and retained significant antibacterial perfor
mance after multiple washing cycles, supporting its potential for appli
cations requiring long-term antimicrobial protection.

The washing-resistance tests clearly demonstrate that the SiO₂–Z
rO₂–Ag coating, although undergoing partial dissolution during 
repeated aqueous exposure, still retains a significant antibacterial 
functionality. The rapid decrease in Si content after the first washing 
cycles is consistent with the well-known solubility of silica-based coat
ings in water, as also reported by previous studies on sputtered SiO₂–Ag 
systems [17]. In contrast, the ZrO₂ fraction remained remarkably stable, 
confirming its role as the chemically robust phase within the composite 
matrix [54]. This behaviour aligns with literature evidence showing that 
zirconia-containing coatings exhibit superior resistance to hydrolytic 
degradation and maintain structural integrity even under prolonged 
immersion in aqueous media [55].

The stabilization of silver within the composite matrix is further 
supported by the Ag release profile, which showed a slow and sustained 
ion release over 14 days. Similar trends have been reported for 
SiO₂–ZrO₂–Ag hybrid films [56] and for Ag-loaded ceramic membranes 
[57], where the oxide network effectively limits nanoparticle aggrega
tion and prevents rapid leaching. The partial but not complete loss of Ag 
after washing cycles suggests that a fraction of the nanoclusters remains 
strongly embedded within the hybrid oxide matrix, ensuring continued 

antibacterial activity despite surface erosion.
Compared to the unwashed samples these results indicate that 

enough silver remains available to inhibit bacterial growth, in agree
ment with the stabilization of Ag within the composite matrix.

3.3.3. CFU counting test
For a more in-depth understanding, the antibacterial performance of 

the SiO₂–ZrO₂–Ag coating deposited on HEPA H14 filter was quantita
tively evaluated against S. epidermidis (Fig. 9), using the CFU counting 
test. As explained, the bacterial proliferation in the broths containing the 
samples and on the surface of the filters (vortexed samples) was 
analysed.

The results for the broth analysis, shown in Fig. 9(a), demonstrated 
that the initial inoculum of 5 × 105 CFU/mL (red line in the figure) 
proliferated extensively in the broth-only control and in the presence of 
uncoated filters, reaching ~1011 and ~1014 CFU/mL, respectively. In 
contrast, broths containing the coated filters reached only ~106 CFU/ 
mL, confirming strong inhibition of bacterial proliferation in the me
dium. Considering the proliferated colonies on sample surface, Fig. 9(b) 
showed significant differences in bacterial adhesion. On the uncoated 
filters, a quantity of about ~108 CFU/mL of bacterial colonies prolif
erated, whereas those from coated filters showed drastically reduced 
values of ~104 CFU/mL. These findings demonstrate not only the 
bactericidal effect of the coating in the surrounding medium but also its 
anti-adhesive action in limiting bacterial colonization of the filter 
surface.

3.3.4. Contamination test
In order to further investigate antibacterial performance under dy

namic and realistic exposure scenarios, coated and uncoated HEPA H14 
filters were challenged with a concentrated bacterial aerosol of 
S. epidermidis.

Qualitative evaluation (Fig. 10) revealed complete inhibition of 
bacterial growth on coated filters, while uncoated samples showed 
extensive colony formation. This confirms the ability of the Ag- 
containing coating to suppress airborne bacterial contamination 
deposited on the filter surface.

For the quantitative assessment, filters were immersed in sterile 
broth after contamination and incubated for 24 h. Subsequent CFU 
counts (Fig. 11) confirmed that bacterial counts reached ~1013 CFU/mL 
in broths incubated with uncoated filters, whereas coated filters limited 
the bacterial growth to ~101 CFU/mL. Similar differences were 
observed in the vortexed suspensions, which provided assessment of the 
bacteria adhered to the filter surface: uncoated filters released up to 
~108 CFU/mL, while the coated ones released only ~102 CFU/mL.

Overall, these results demonstrate that the SiO₂–ZrO₂–Ag coating 

Fig. 9. Quantification of proliferated Staphylococcus epidermidis on HEPA H14 filters: (a) bacterial proliferation in broth after contact with uncoated and SiO₂–Z
rO₂–Ag–coated filters (the red line indicates the initial bacterial load); (b) bacterial adhesion on uncoated and coated filters after incubation.
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effectively prevents both airborne bacterial contamination and filter 
colonization. This dual activity, i.e. suppression of bacterial prolifera
tion in the surrounding medium and inhibition of surface adhesion, 
highlights the coating suitability for applications requiring reliable mi
crobial control under realistic operational conditions.

The bioaerosol contamination test provides a realistic assessment of 
the coating performance under conditions mimicking actual HVAC 
operation. The coated filters showed a drastic reduction in viable bac
teria both on the surface and in the broth after exposure, confirming that 
the antimicrobial layer remains effective even when challenged with 
airborne microorganisms. This is particularly relevant because bio
aerosol deposition typically leads to rapid colonization of filter fibers, 
promoting re-aerosolization and secondary contamination.

4. Conclusions

In this work, we developed SiO₂–ZrO₂–Ag composite coatings via 
PVD co-sputtering on cotton fabrics and HEPA H14 filters and provided 
a comprehensive structural and functional characterization. Coatings 
exhibited stronger activity against Gram-positive Staphylococcus epi
dermidis, while maintaining measurable effects on Gram-negative 
Escherichia coli. Durability tests showed that the coatings preserve a 
significant antibacterial performance after repeated washing cycles, 
with zirconia contributing to matrix stability and enabling sustained 

silver release. The SiO₂–ZrO₂–Ag coatings represent a promising and 
potentially scalable approach for antimicrobial textiles and filtration 
systems. Their combination of chemical stability, controlled ion release, 
and broad-spectrum efficacy provides a solid basis for the development 
of next-generation antimicrobial surfaces for healthcare and air-quality 
applications.
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broth after contact with contaminated uncoated and SiO₂–ZrO₂–Ag–coated filters, (b) bacterial adhesion on contaminated uncoated and coated filters 
after incubation.

A. Luceri et al.                                                                                                                                                                                                                                   Surface & Coatings Technology 536 (2026) 133757 

10 



Acknowledgments

This research work was performed within the framework of a project 
funded under the National Recovery and Resilience Plan (NRRP), 
Mission 4 Component 2 Investment 1.3—Call for tender No. 1561 of 
11.10.2022 of Ministero dell'Università e della Ricerca (MUR); the 
project was funded by the European Union—NextGenerationEU. Project 
details: project code PE0000021, Concession Decree No. 1561 of 
11.10.2022 adopted by Ministero dell'Università e della Ricerca (MUR), 
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[51] I. Azócar, E. Vargas, N. Duran, A. Arrieta, E. González, J. Pavez, M.J. Kogan, J. 
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