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A B S T R A C T

Preventing contact with pathogens is a critical requirement in filtration applications for both public and private 
environments. Developing antibacterial membranes is essential to enhance protection and mitigate contamina
tion risks. In this work, a direct comparative study of two silver-based functionalization strategies applied to 
electrospun polyvinyl alcohol (PVA) nanofiber membranes is presented, aiming to identify the most effective 
approach for producing durable antibacterial filters. The first method involves in-fiber incorporation of silver 
nanoparticles (AgNPs) by electrospinning a colloidal AgNP dispersion blended with the PVA solution, followed 
by crosslinking. The second method uses physical vapor deposition (PVD) to deposit a silica- or zirconia-based 
composite coating embedding silver nanoclusters onto pre-crosslinked PVA fibers. Both types of membranes 
were characterized at each processing stage. Morphological changes were assessed by FESEM and image analysis, 
surface wettability by contact angle measurements, and silver content by EDS. Antibacterial activity was tested 
against both Gram-positive and Gram-negative bacteria, while silver ion release in water was monitored to 
evaluate the ability of the inorganic matrix to control Ag+ leaching.

The results show that, although both strategies confer antibacterial properties, the PVD-based coating provides 
a more uniform silver surface distribution, controlled and sustained silver release, and preservation of nanofiber 
morphology, making it a promising route for the fabrication of high-performance antibacterial membranes.

1. Introduction

Bacterial contamination can be a vehicle for infections transmission, 
and it represents a substantial risk to public health [1]. Bacterial in
fections are usually treated with antibiotics, but their overuse over the 
years has led to the emerging problem of multidrug resistance in bac
teria, which the World Health Organization (WHO) has identified as a 
serious global health threat [2]. Treating infections, in fact, is becoming 
increasingly difficult, making the prevention of contact with contami
nants the primary goal in order to avoid infection.

In this context, reducing the presence of microbial contaminants in 
the environment has become a key strategy to protect public health. 
Decontaminating water and air is crucial in both hospitals and public 
spaces [3]. Contaminated water may contain bacteria, viruses, protozoa, 
and parasites that can cause waterborne diseases, which can be life- 
threatening, particularly for immunocompromised individuals; this 

issue is not limited to developing countries as outbreaks of contaminated 
water in developed nations also present serious public health risks and 
economic costs [4]. Infections can also be transmitted through the air, 
typically through the spread of droplets containing pathogens [5]. To 
mitigate the spread of airborne diseases, the World Health Organization 
recommends the use of ventilation systems, air purification technolo
gies, and personal protective equipment such as masks and respirators 
[6]. Several studies have highlighted the critical role of airborne infec
tion transmission in healthcare environments [7]. Additionally, air 
pollution from particulate matter (PM) contributes to health issues such 
as skin irritation, asthma and, in the worst cases, cancer [8]. PM can 
interact with bacteria, enhancing bacterial proliferation and biofilm 
formation [9]. In addition, volatile organic compounds (VOCs) are 
harmful pollutants that can increase the risk of respiratory illnesses, 
compounding the impact of bacterial infections [10].

Given the significant health risks posed by airborne and waterborne 
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contaminants, including particulate matter, bacteria, and VOCs, effec
tive decontamination strategies are essential. Absorption and filtration 
techniques are widely used for water and air decontamination [4]. 
Fibrous filters are often employed to remove solid particles from air 
streams because of their simplicity and low cost, and electrospun fibers, 
have gained attention for their high surface area and porosity [11]. 
However, the use of filters has limitations. Materials can become satu
rated with microbes, leading to biofilm formation that enables bacteria 
to survive and become a persistent source of pathogens, posing a 
particular risk to immunocompromised individuals [12]. To prevent 
bacterial growth, antibacterial filters are recommended.

One of the leading fabrication methods for filtering membranes is 
electrospinning, a versatile technique to produce continuous polymer 
nanofibers. This method yields fibers with unique properties such as 
high surface-to-volume ratio, tunable porosity and uniform diameter 
[13,14]. The electrospinning process is essentially based on the accu
mulation of charges on the surface of a polymer solution flowing from a 
needle tip under a high-voltage electric field, which leads to the for
mation and ejection of a charged jet. The strong electric field applied 
between the syringe needle and the collector rapidly stretches the flying 
jet, whose behavior is strongly influenced by the rheological properties 
of the feed solution [15]. During its flight, the polymer jet undergoes 
thinning due to electrostatic repulsion and solvent evaporation, result
ing in a gradual reduction in diameter [16] and the formation of 
continuous fibers.

Thanks to the properties provided by their nanostructure, fibers and 
membranes produced through electrospinning can be used in various 
fields such as sensing [17], optoelectronics [18], chemical filtration 
[19,20], and biomedical applications [21].

For filtration, the use of nanofibers offers significant advantages over 
traditional filters as they combine high filtration efficiency with a low 
pressure drop [22]. The reduced diameter and high surface area of 
electrospun substrates enable a slip flow regime, making them suitable 
for high-efficiency filters, breathable protective clothing, and face 
masks. Furthermore, in air and water purification systems, the high 
surface area and porosity of electrospun fibers facilitate the effective 
interaction of antibacterial agents with contaminants, enhancing their 
antimicrobial effectiveness without compromising membrane perme
ability [23].

Ultimately, post-processing treatments can expand the range of ap
plications of these membranes by modifying their chemical and physi
ochemical properties through surface functionalization [24], heat 
treatments, physical sputtering deposition of inorganic materials, cross- 
linking and immobilization of biological components [20], hydrolysis 
and oxidation [25].

Among dry approaches, plasma treatment and sputtered coating 
deposition are commonly used [26]. Sputtering is particularly advan
tageous for modifying thermosensitive materials, such as natural fibers 
or polymers, as it avoids the use of toxic chemicals and does not produce 
waste [27].

In addition, sputtering has become a versatile method for modifying 
and functionalizing materials, including electrospun fibers, due to the 
high uniformity of the deposited coatings [28]. Conductive surfaces 
have been created by functionalizing thin polyamide fibers through 
sputter deposition of copper [29] and by coating polyamide (PA6) fibers 
with gold and palladium [26]. For antibacterial applications, silver 
nanocoatings have been deposited on polysulfone (PSU) electrospun 
membranes [30]; however, some coatings show rapid release of anti
bacterial agents when not embedded in a matrix [31]. Coatings con
taining antibacterial agents can act as reservoirs, facilitating localized 
release and improving the efficiency of antibacterial action [32]. Fer
raris et al. [33–35] patented an antimicrobial/antiviral coating 
composed of silver nanoclusters embedded in a ceramic or glass matrix. 
This coating, created through co-sputtering, showed excellent antimi
crobial and antiviral performance [27,33,34,36–39].

Polyvinyl alcohol (PVA) was selected due to its excellent 

electrospinnability which ensure the formation of nanometric fibers, 
thereby providing a large exchange surface for filtration. Moreover, PVA 
can be electrospun from aqueous solutions, thereby avoiding the use of 
harmful organic solvents [14].

However, this water processability also results in the water solubility 
of the resulting fibers, leading to rapid degradation upon exposure to 
aqueous environments. Although this property may be attractive for 
biomedical applications and controlled drug delivery, the use of such 
fibers as air and water filters requires the crosslinking of the membrane 
to improve its stability and maintain structural integrity in humid or 
liquid media [20].

To exert an antimicrobial effect, nanofibers serve as the optimal 
substrate for functionalization with antimicrobial agents due to their 
high exposed surface area. The large surface area provided by the 
nanostructure results in a higher efficiency owing to the increased 
exposure of the surface to microorganisms, leading to improved anti
microbial activity [23,40].

It is well known that silver-based compounds exhibit a strong 
inhibitory and bactericidal effect, along with a broad spectrum of anti
microbial activity against bacteria, fungi, and viruses [41,42].

Among all silver-based compounds, silver nanoparticles (AgNPs) are 
widely used in the fields of air and water purification, biomedical, tex
tiles, and wound dressings [23,40]. Therefore, nanoparticles have been 
selected as the antibacterial agent in the present study; in particular, 
they have been integrated into the electrospun fibers according to two 
different methodologies i) blending AgNPs with the PVA solution and 
electrospinning and ii) depositing AgNPs-containing coatings onto the 
surface of the electrospun membrane through a post-processing func
tionalization step.

As a first strategy, the nanoparticle colloidal solution was blended 
into the polymer solution prior to electrospinning. This method has been 
explored in many studies for antibacterial application [43] and for the 
fabrication of SERS sensitive surfaces [44] and it leads to the successful 
one-pot production of PVA-AgNPs nanofibers forming a fibrous mat. As 
a second strategy, the electrospun membrane was subjected to a post- 
functionalization process to decorate the fiber surface with AgNPs. A 
patented sputtered coating [35] of a silica or zirconia matrix embedding 
AgNPs was deposited onto the electrospun membrane. This layer is 
known for its strong antibacterial properties but has never been applied 
to electrospun fibers to produce antibacterial membranes before.

Several studies have explored the use of PVD techniques to func
tionalize in the post-process electrospun nanofibers with inorganic and 
in particular metallic coatings, demonstrating that thin conformal layers 
can be deposited without compromising the nanofiber morphology 
kadavil valerini maliszewska [45–47]. Other works have reported the 
incorporation of silver nanoparticles (AgNPs) into electrospun fibers by 
blending them directly into the polymer solution prior to electro
spinning, achieving a one-pot antimicrobial functionalization meng lee 
[48,49].

However, despite the growing interest in both approaches, no pre
vious study has directly compared AgNP incorporation within Poly 
(vinyl alcohol) (PVA) fibers and PVD-deposited Ag-containing coatings 
on electrospun membranes under the same processing and testing 
conditions.

In this study, such a comparison is presented, evaluating in-fiber 
AgNP incorporation and PVD-deposited coatings in terms of structure, 
silver release control, and antimicrobial efficiency, mainly for filtration 
applications.

2. Materials and methods

2.1. Materials

Poly(vinyl alcohol) > 99 % hydrolyzed (PVA) with an average mo
lecular weight of 89,000–98,000 Da, sodium citrate tribasic dihydrate, 
silver nitrate, sodium borohydride, 50 % aqueous glutaraldehyde (GA), 
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acetone (≥ 99,5 %) and hydrochloric acid (min. 37 %, HCl) were pur
chased from Sigma Aldrich. All chemicals and solvents were used as 
received.

2.2. Preparation of electrospun PVA membrane

2.2.1. Preparation of PVA solution
The weighed PVA powder was dissolved directly in water with a 

concentration of 12 % w/w. The solution was stirred at 95 ◦C for 1 h then 
slowly cooled down to room temperature in order to obtain a clear so
lution without precipitates.

2.2.2. Electrospinning of PVA membranes
The electrospinning process was carried out using a horizontal setup, 

in particular the system included an infusion pump (KDS Scientific, 
model series 200) holding a syringe (Hamilton Gastight model 1002 
TLL) equipped with a 22-gauge needle. A high-voltage power supply 
(Spellman SL30P30) was connected to the system allowing the forma
tion of a potential difference between the needle of the syringe and the 
static collector.

Initially, samples were deposited on a glass substrate attached to the 
collector with copper tape for preliminary inspection under an optical 
microscope. This preliminary analysis was carried out in order to detect 
the possible presence of beads or inhomogeneities in fiber morphology. 
Subsequently, samples were deposited onto silicon substrates for the 
detailed characterizations.

The process was carried out at room temperature (20 ◦C and 23 ◦C), 
which did not have a significant effect on the process. Conversely, it was 
noticed that the relative humidity varying between days (ranging from 
25 % to 40 %), played a relevant role on the spinnability. Electro
spinning of PVA at high relative humidity values has been avoided since 
it led to defective fibers under all the experimental condition tested.

Keeping the distance between the collector and the needle constant 
at 20 cm and varying the other parameters, PVA fibers with different 
morphologies were obtained. In particular, the optimal electrospinning 
parameters were found to be a flow rate of 0.2 mL/h with an applied 
voltage of 14 kV. Afterwards, the fibers were deposited using the above 
parameters onto 1 cm × 1 cm glass substrates for 2 h until a thick and 
homogeneous mat was obtained.

2.3. Chemical cross-linking of electrospun mats

The chemical crosslinking was performed according to the previous 
study by Castagna et al. [20], with a modified immersion time. All the 
electrospun mats were immersed in a 0.15 M glutaraldehyde in acetone- 
water solution bath with 0.05 M HCl for 40 min. Afterwards, the samples 
were washed in distilled water for 1 h to remove any excess crosslinker 
possibly adsorbed on the fiber surface and dried by gentle solvent 
evaporation for several hours.

2.4. Silver functionalization of electrospun PVA membrane

2.4.1. Silver nanoparticles synthesis
All glass substrates were cleaned with nitric acid, rinsed with 

distilled water, and dried before further use. This procedure prevents the 
presence of contaminants that could affect the nucleation of nano
particles. For the preparation of silver nanoparticles 10 mL of 0.034 M 
sodium citrate aqueous solution and 37 mL of distilled water were added 
inside to a round-bottom flask with reflux, and the mixture was heated 
to 70 ◦C for 15 min, the temperature was monitored using a thermom
eter. Afterwards 0.9 mL of 0.06 M silver nitrate (AgNO3) aqueous so
lution was added to the mixture, followed by 1 mL of 0.026 M sodium 
borohydride (NaBH4) aqueous solution quickly added. The solution was 
kept at 70 ◦C under vigorous stirring for 1 h and then cooled to room 
temperature.

2.4.2. Preparation of PVA-AgNPs solution
The concentration of the nanoparticles was increased by centrifu

gation for 20 min at 17000 rpm. Upon the removal of the supernatant, 
the volume was reduced from 100 mL to 2.5 mL.

PVA powder was dissolved directly in the colloidal solution at a 
polymer/solvent (containing the silver nanoparticles) concentration of 
12 % w/w. The solution was mixed using a magnetic stirrer at 95 ◦C for 
1 h until a uniform solution was obtained.

2.4.3. Preparation of PVA-AgNPs membranes
After a preliminary analysis, the optimal electrospinning parameters 

were found to be a collector to tip distance of 25 cm, flow rate of 0.05 
mL/h, applied voltage of 18 kV. Afterwards, the fibers were deposited 
according to the above parameters onto 1 × 1 cm2 glass substrates for 
16 h until a thick and homogeneous mat was obtained. After these steps 
the produced membranes were crosslinked using the previously 
mentioned method.

2.4.4. Co-sputtered coating deposition on electrospun and crosslinked PVA 
membrane

The composite coatings were applied onto the crosslinked PVA 
membranes and consisted of silver nanoclusters embedded within a 
silica or zirconia matrix, deposited using a patented co-sputtering 
technique [35] onto the PVA electrospun and crosslinked membranes. 
The sputtering apparatus was configured with two targets for each 
deposition: for the silica-based coating, a silica target (Sigma-Aldrich, 
99.99 % purity) and a silver target (Franco Corradi S.r.l., 99.9 % purity); 
for the zirconia-based coating, a zirconia target (99.98 % ZrO2, Nano
vision™) and the same silver target. The applied powers were as follows 
depending on the used matrix: for the silica-based coating, 200 W in 
radio frequency (RF) mode was applied to the silica target, and 5 W in 
direct current (DC) mode to the silver target; for the zirconia-based 
coating, 250 W in RF mode was applied to the zirconia target, and 4 
W in DC mode to the silver target. All depositions were carried out for 
30 min in a pure argon atmosphere at a pressure of 5.5 dPa. The 
deposition parameters were selected based on previous studies 
[38,50–52]. The coated membranes were named in the text PVA-SiO2Ag 
and PVA-ZrO2Ag.

2.5. Chemical-physical characterization of the PVA membranes

The as-spun membranes, both before and after crosslinking, as well 
as those functionalized with silver nanoparticles (AgNPs) and coated via 
co-sputtering, were characterized and compared. Morphological ana
lyses were carried out using a field emission scanning electron micro
scope (FESEM, QUANTA INSPECT 200, Zeiss SUPRA 40) at various 
magnifications to assess the surface morphology of the electrospun fi
bers, confirm the uniformity and quality of the coatings, and verify the 
successful electrospinning of silver nanoparticle-functionalized fibers. 
Observations were made using an in-lens secondary electron detector. 
Fiber diameter analysis and cluster-size analysis were conducted by 
measuring 100 fibers from FESEM images using ImageJ software. A 
Matlab-based script was used to estimate the Root-Mean-Square (RMS) 
roughness from FESEM images before and after coating (See Supporting 
Supplementary Information Table S1, Fig. S1). Additionally, AgNPs 
were characterized by UV–vis spectroscopy (Cary 5000) and by 
dimensional analysis of FESEM images. Compositional analyses were 
carried out using energy dispersive spectroscopy (EDS, EDAXPV 
9900TM) to determine the atomic percentages of silver in the func
tionalized fibers.

2.6. Water contact angle

Surface wettability was evaluated by measuring the static water 
contact angle (WCA) using the sessile drop technique. For each sample, 
three measurements were performed, and the contact angle was 
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automatically recorded 2 s after droplet deposition. Results are pre
sented as the mean ± standard deviation (SD).

2.7. Leaching test in water

Following the procedure described in [27], the silver content in the 
PVA samples containing AgNPs and in those coated by co-sputtering was 
quantified using Inductively Coupled Plasma Mass Spectrometry 
(ICP–MS, Agilent Technologies 7700). Each sample (1 × 1 cm2) was 
immersed in 5 mL of nitric acid and heated for 30 min. The resulting 
solution was then diluted with distilled water to a final volume of 25 mL 
for analysis. The release of silver into water from both the functionalized 
and coated PVA fibers was assessed through a leaching test performed in 
Milli-Q water at room temperature. Electrospun fiber samples (1 × 1 
cm2) were immersed in 30 mL of water, with coated samples positioned 
so that the coated surface faced upward. The water was analyzed after 1 
h, 3 h, and 1, 3, 7, and 14 days using a spectrophotometer (Hanna In
struments) to determine the silver ion concentration in parts per million 
(ppm). All measurements were performed in triplicate to ensure 
accuracy.

2.8. Antibacterial activity evaluation

The preliminary antibacterial efficacy of the AgNPs functionalized 
and co-sputtered membranes was evaluated using the qualitative inhi
bition zone test, following the NCCLS M2-A9 performance standard 
[53]. Non-pathogenic strains of Staphylococcus epidermidis (Gram-posi
tive, ATCC14990) and Escherichia Coli (Gram-negative, ATCC8739) 
were selected as Gram-positive and Gram-negative bacteria, respec
tively. Bacterial suspensions, adjusted to a McFarland index of 0.5, were 
spread onto Mueller Hinton agar plates. The AgNPs-functionalized and 
co-sputtered PVA membranes were then placed on the agar and incu
bated at 35 ◦C for 24 h. After incubation, the inhibition zones (halos) 

surrounding the samples were observed and measured. The samples 
were further incubated for an additional 24 h to assess the stability of the 
inhibition zones. The bare PVA membranes were also tested as controls.

3. Results and discussion

3.1. Chemical-physical characterization of the membranes

Fig. 1 shows the morphology of the PVA fibers, both before and after 
crosslinking. Randomly collected PVA fibers, as electrospun (Fig. 1a,b), 
are homogeneous, free of any defects or porosity. The associated 
diameter distribution is well defined and narrow, namely the fibers have 
a mean diameter of 304 ± 54 nm. After crosslinking (Fig. 1c,d) the fibers 
do not show any defects, and the mean diameter remains almost un
changed at 317 ± 104 nm.

PVA-AgNPs fibers (Fig. 2), obtained by direct electrospinning of the 
polymeric solution containing AgNPs, exhibit a uniform morphology 
without defects. After crosslinking, the fiber morphology remained un
changed (Fig. 2b). Fig. 2c shows a region of the fiber at high magnifi
cation where AgNPs are well visible on the surface of the fiber, 
confirming the successful functionalization.

From the images, an analysis of the diameter distribution is shown in 
the graph in Fig. SI-1. PVA-AgNPs fibers are characterized by a narrow 
diameter distribution (332 ± 52 nm). Notably, the addition of silver 
nanoparticles did not significantly alter the average diameter of the PVA 
nanofibers, likely due to the inherent polarity of the PVA solution [54]. 
The crosslinking process does not change the morphology of the fibers 
(mean diameter = 352 ± 66 nm).

On the other hand, analyzing the SEM image at higher magnifica
tions, (Fig. 2c) the average particle size of the nanoparticles within the 
fibers was calculated to be approximately 44 ± 7 nm (Fig. 3a). This 
result agrees with the theoretical estimation of the nanoparticle diam
eter obtained from the equation NPsize = (0,78 (λLSPR)-266) nm [41], 

Fig. 1. SEM images of PVA fibers before (a,b) and after crosslinking (c,d).
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which correlates the wavelength of the absorption peak of the plasmon 
(λLSPR) with the silver nanoparticle diameter (NPsize). The plasmon 
resonance peak was observed at 390 nm (Fig. 3b), with a resulting 
nanoparticle size of approximately 38 nm.

Regarding the second approach, FESEM images of the crosslinked 
uncoated and co-sputtered fibers are presented in Fig. 4. The sputtered 
fibers exhibit a uniform coating with the SiO2Ag and ZrO2Ag composite 
coatings, without compromising the nanostructure, a critical feature for 
electrospun membranes. No visible damage, such as changes in fiber 
shape or size, fiber fusion, collapse or pore occlusion, was observed. This 
indicates that the deposition conditions were appropriate for the nano
structured substrate. In fact, such damage can occur in PVD processes on 
small electrospun fibers [56]. These effects can depend on factors like 
the properties of the polymer substrate and the deposition process 
characteristics, which influence the energy of the depositing species and 
their impact on the coated fibers [46]. In this work, PVA fibers were 
successfully functionalized without causing significant damage, ach
ieved by optimizing the deposition technique, process parameters, and 
deposition time. The addition of the coatings, either with silica or zir
conia matrix, led in both cases to an increase in fibers diameter as shown 
in Table 1. A representative example of the coating thickness measure
ment procedure is provided in Fig. SI-2 for the PVA-SiO₂Ag sample and 
in Fig. SI-3 for the PVA-ZrO₂Ag sample; the full comparison of the 
diameter distributions of the PVA fibers before and after coating depo
sition is reported in Fig. SI-4.

The fibers were examined using EDS to compare the amount of silver 
introduced into the fibers and present in the coatings. The results are 
presented in Table 2. The amount of silver introduced during the elec
trospinning process, obtained by mixing the colloidal AgNPs solution 
with the polymer solution, varies depending on the polymer mass and 

electrospinning parameters. In fact, adding a conductive agent like silver 
can alter the final properties of the polymeric fibers [57]. Applying a 
PVD coating, however, offers more control over the amount of deposited 
silver, as it can be adjusted by modifying the power applied to the 
sputtering target. As shown in Table 2, the amount of silver in the coated 
fibers is higher and exhibits a lower standard deviation compared to the 
silver content obtained from the nanoparticles in the electrospun fibers. 
In contrast, blending the colloidal AgNPs solution with the PVA solution 
during electrospinning can lead to an uneven distribution of nano
particles within the fibers [58].

3.2. Water contact angle

The contact angle measurements reported in Fig. 6 demonstrate that 
PVA fibers, after crosslinking, exhibit a water contact angle close to 90◦, 
indicating low hydrophilicity. After the coating deposition, the contact 
angle increased to nearly 130◦ for both samples. Although zirconia 
coatings have previously been preferred for humid environments due to 
the high solubility of silica in water [27], the significant increase in 
contact angle may be attributed to the hierarchical structure of the 
coated nanofiber system as illustrated in Fig. 5 [59]. This effect cannot 
be ascribed solely to the intrinsic properties or roughness of the coating 
itself, as evidenced by the lower contact angle values measured for the 
same coatings deposited on flat silicon wafers (Fig. 6 (b,c)). This is 
supported by the RMS roughness measurements done on the fiber profile 
before and after coating deposition (Table SI-1 and Fig. SI-5). The RMS 
roughness of PVA fibers is 3.4 ± 0.8 nm while it increases to 9.5 ± 2.7 
nm for PVA-SiO2Ag fibers and 14.3 ± 3.6 nm for PVA-ZrO2Ag fibers. 
This increase reflects enhanced surface nanostructurization due to the 
coatings. Moreover, these results indicate that the wettability is 

Fig. 2. FESEM images of a) AgNPs functionalized PVA fibers, b) AgNPs functionalized PVA fibers after crosslinking, c) a particular area with silver nanoparticles 
embedded into PVA nanofibers after crosslinking.

Fig. 3. a) Diameter distribution with relative mean diameter and standard deviation of AgNPs embedded in PVA nanofibers. b) UV–Vis spectrum of aqueous colloidal 
dispersion of silver nanoparticles.
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governed by the combined contribution of the coating and the under
lying fibrous morphology, rather than by the coating alone. This sup
ports the potential of the coated fiber systems for use in filtration 
applications.

3.3. Leaching test in water

ICP–MS analysis enabled the quantification of silver in the PVA- 
AgNPs, PVA-SiO₂Ag, and PVA-ZrO₂Ag samples, and provided a bench
mark for comparison with the values obtained from the silver ion release 
tests. The measured silver contents were 0.05 ± 0.01 ppm for PVA- 
AgNPs, 0.58 ± 0.01 ppm for PVA-SiO₂Ag, and 0.44 ± 0.07 ppm for 
PVA-ZrO₂Ag. Silver nanoparticles typically release silver ions when in 
contact with water or, in general, with aqueous solutions [60]. Gener
ally, a higher concentration of ions in a solution corresponds to a greater 
number of silver nanoclusters. However, the presence of a composite 
coating with a matrix containing the antimicrobial agent can alter the 
release dynamics of it [36] depending on the properties of the matrix 

Fig. 4. FESEM images of crosslinked PVA (a,b), PVA- SiO2Ag (c,d) and PVA- ZrO2Ag (e,f) taken at different magnifications.

Table 1 
Comparison between mean diameter and relative standard deviation of cross
linked fibers before and after coatings deposition and relative coatings thickness.

Sample Mean diameter (nm) Coating thickness (nm)

PVA 317 ± 104 –
PVA-SiO2Ag 491 ± 90 87
PVA-ZrO2Ag 390 ± 111 36.5

Table 2 
Silver atomic percentage present in the samples.

PVA-AgNPs PVA-SiO2Ag PVA-ZrO2Ag

Ag % at. 0.12 ± 0.05 1.28 ± 0.06 0.71 ± 0.06
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itself. For example, a matrix with higher solubility, like the SiO₂Ag 
coating, can influence ion release [27]. To investigate this, the silver ion 
release test was conducted in water on both co-sputtered coated and 
PVA-AgNPs membranes, comparing the effects of the two approaches 
over various immersion times. As shown in Fig. 7, the release profile of 
the coated fibers follows a typical logarithmic curve as commonly 
observed in coated samples [36] with the SiO₂Ag-coated fibers exhibit
ing the highest ion release. This behavior can be attributed both to the 
higher silver content in the coating, as confirmed by the EDS results in 
Table 2, and to the greater solubility in water of the SiO₂ matrix in water 
[27]. In contrast, the PVA-AgNPs sample shows no significant increase 
in silver ion release after the first three hours. This initial burst is likely 

due to the absence of a inorganic matrix, causing a rapid release within 
the first few hours of immersion, which is likely to happen in single- 
component decorated or porous fibers [61], as highlighted in Fig. 7b. 
The lack of a good fit to a double logarithmic model for the PVA-AgNPs 
sample over the entire experimental period suggests that the release 
kinetics are not consistent with a single diffusion-controlled mechanism. 
Instead, the deviation, particularly the abrupt release observed in the 
initial phase, indicates a burst release behavior followed by a slower 
release phase. Therefore, this sample shows poor control over silver 
release compared to the co-sputtered coated samples and is not suitable 
for long-term applications where sustained release is required. Com
parison with ICP–MS results confirms that the PVA-AgNPs sample 

Fig. 5. FESEM images of PVA-SiO2Ag coating (a) and with ZrO2-Ag coating (c); diameter distribution of small particles on the surface of the crosslinked PVA fibers 
with SiO2-Ag coating (b) and ZrO2-Ag coating (d).

Fig. 6. Water contact angle of AgNPs functionalized PVA fibers (a), SiO2Ag coating on silicon wafer (b), ZrO2Ag coating on silicon wafer (c), PVA-SiO2Ag (d) and 
PVA-ZrO2Ag (e).
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releases nearly all of its silver content within 14 days. The PVA-SiO₂Ag 
sample shows the highest release rate, with approximately 80 % of its 
silver released over the same period. The PVA-ZrO₂Ag sample exhibits a 
significantly slower release, with only about 47 % of the silver released 
after 14 days, which can be attributed to the lower solubility of the 
zirconia matrix in water compared to silica.

Additionally, the total amount of silver ions released over 14 days 
from the co-sputtered coated PVA membranes, is comparable to the 
amount released from coatings applied to cotton substrates with 1 h of 
deposition [27,36]. This is noteworthy, as a longer deposition time 
typically results in a thicker coating and, consequently, a higher silver 
content and greater ion release. In this case, the similar release levels 
suggest that the nanostructured morphology of the electrospun PVA fi
bers may promote more efficient silver ion release, possibly due to the 
higher surface area and enhanced coating-substrate interaction.

3.4. Antibacterial activity evaluation

To assess the antibacterial activity of the membranes, inhibition halo 
tests were carried out against Staphylococcus epidermidis and Escherichia 
coli (Fig. 8). After 24 and 48 h of incubation, distinct inhibition zones 
were observed around the PVA membranes functionalized with AgNPs 
and those coated via co-sputtering when tested against S. epidermidis 
(Fig. 8a, b). The inhibition zones measured approximately 1.5 cm in 
diameter for the functionalized membrane and 2.5 cm for the coated 
samples. Notably, after 48 h, a double inhibition zone appeared around 
the coated samples, consisting of a clear inner area completely free of 
bacterial growth, located near the membrane, and an outer, slightly 
darker zone where bacterial proliferation was slowed but not entirely 
inhibited. The total inhibition zone includes both regions. This 

phenomenon has been previously reported and confirmed in the litera
ture [62].

In contrast, for E. coli, a more resistant Gram-negative bacterium 
[63], antibacterial activity was observed only in the co-sputtered coated 
samples (Fig. 8c, d), which showed an inhibition zone of approximately 
2 cm in diameter. The PVA-AgNPs membranes did not exhibit any in
hibition. This difference is likely due to the lower silver content in the 
functionalized membranes, as shown by EDS results in Table 2, and in 
their different release behavior reported in Fig. 8. The AgNPs embedded 
within the PVA fibers showed a rapid initial burst release followed by 
negligible further release, leading to insufficient and short-lived silver 
ion availability at the fiber surface; the total concentration of released 
silver ions was measured to be below the minimum inhibitory concen
tration (MIC) reported in the literature for several bacterial strains [64]. 
By contrast, the co-sputtered Physical vapor deposition (PVD)-coated 
samples provided a uniform surface distribution of silver nanoclusters 
and enabled a controlled, sustained release of silver ions, which likely 
supported their prolonged antibacterial activity. Interestingly, in the 
tests against E. coli, a double inhibition halo was already visible after 
only 24 h of incubation.

4. Conclusions

PVA membranes suitable for filtration applications were successfully 
electrospun, crosslinked, and modified using two different methods to 
confer antibacterial properties: one-pot synthesis of PVA-AgNPs with 
direct functionalization, and co-sputtering deposition of silver nano
clusters/silica or zirconia composite coatings. The fibers were morpho
logically characterized to assess any changes resulting from both 
processes. The comparative analysis of the two techniques indicates that 

Fig. 7. Photographs of inhibition halo test against S. epidermidis relative to as spun PVA, AgNPs functionalized PVA, SiO2-Ag and ZrO2-Ag coated after 24h (a) and 
48h(b) of incubation and E. coli (c,d) after 24h (c) and 48h(d) of incubation. Scale bars are 1 cm.

Fig. 8. a) The amount of ionic silver released in water during silver leaching test from functionalized samples (blue dots:PVA-AgNPs, red squares: PVA-SiO2Ag, green 
triangles: PVA-ZrO2Ag) along 14 days test (n = 3). b) Silver ions released normalized over the maximum quantity released at 14 days. A linear fit in double logaritmic 
scale is reported (R2 = 0,49 for PVA-AgNPs – blue dots; R2 = 0,89 for PVA-SiO2Ag – red dots; R2 = 0,96 for PVA-ZrO2Ag – green triangles).
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co-sputtered coating deposition is the most effective approach. This 
approach creates a hydrophobic hierarchical structure, allows for the 
controlled introduction of silver, ensures even distribution across the 
fiber surface, and provides efficient antibacterial properties. Addition
ally, the release characteristics are improved, with the matrix enhancing 
nanoparticle retention, thereby prolonging the antibacterial properties 
of the fibers.
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