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inappropriate use has led to the emergence of multidrug-
resistant strains, recognized by the World Health Organiza-
tion (WHO) as a global health emergency [3]. As treatment 
options become increasingly limited, preventing exposure 
to infectious agents has become a critical public health 
strategy.

Clean air and water are fundamental to health protection 
in both medical and community environments [4, 5]. Con-
taminated water can serve as a vehicle for bacteria, viruses, 
and protozoa, leading to disease outbreaks even in devel-
oped countries [6]. Similarly, airborne pathogens can spread 
through droplets or aerosols [7], as demonstrated by the 
COVID-19 pandemic [8]. In response, the WHO has advo-
cated for the use of air purification systems and personal 
protective equipment to mitigate airborne transmission risks 
[9]. Additionally, pollutants such as particulate matter (PM) 
and volatile organic compounds (VOCs) not only impair 
respiratory function [10], but also support microbial adhe-
sion, biofilm formation, and increased infectivity [11].

1  Introduction

Microbial contamination remains a major transmission route 
for infections and continues to pose a significant threat to 
public health [1, 2]. While antibiotics are a primary method 
for combating bacterial infections, their widespread and 
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Abstract
The development of sustainable antimicrobial materials is essential for next-generation air and water purification systems, 
particularly in view of the increasing occurrence of multidrug-resistant pathogens. In this work, three-dimensional porous 
poly(lactic acid) (PLA) fibrous mats were fabricated by coagulation-wet electrospinning, followed by pH-controlled in 
situ green functionalization with silver (Ag) and silver oxide (Ag₂O) nanoparticles using tannic acid as a natural reducing 
agent. The influence of pH on nanoparticle nucleation, size, distribution, and composition was systematically investigated. 
Comprehensive surface and structural analyses (ATR-FTIR, FE-SEM, EDS, XRD, XPS) were performed immediately 
after functionalization and after 30 days of immersion in water to simulate realistic filtration conditions. The results 
confirmed successful and stable incorporation of silver species and revealed pH-dependent differences in nanoparticle 
characteristics. Antibacterial tests against Staphylococcus epidermidis and Escherichia coli showed strong efficacy with 
significant retention of activity after prolonged water exposure. Uniaxial compression tests performed in aqueous condi-
tions demonstrated that the monoliths possess sufficient mechanical robustness and structural integrity for water filtration 
applications. Antibacterial water filtration test evidenced a significant removal of S. epidermidis and a complete inactiva-
tion of the bacteria on the silver-containing filters. Overall, pH-tailored Ag-functionalized PLA fibrous scaffolds emerge 
as a sustainable, durable, and effective platform for antimicrobial environmental purification.
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Filtration is a widely adopted approach for removing 
contaminants from air and water streams [12–14]. Fibrous 
filters, particularly those fabricated through electrospin-
ning, are prized for their high porosity and extensive sur-
face area [15, 16]. However, these filters may become 
saturated over time, promoting bacterial colonization and 
biofilm development, risks that are especially concerning 
for immunocompromised individuals. To address this issue, 
the incorporation of antibacterial functionalities into filters 
[17] and electrospun membranes offers a promising route to 
enhance filter performance and safety [18].

Among the polymers potentially suitable as fibrous sub-
strates, poly(lactic acid) (PLA) is one of the most promis-
ing. It is a biodegradable polyester derived from renewable 
resources, whose proven electrospinnability makes it 
widely used for producing 2D mats. Surprisingly, however, 
the possibility to process PLA into fibrous fluffy scaffolds 
via wet electrospinning – that is, using a liquid collector 
instead of a solid one – is still scarcely explored, although 
this emerging technique enables the rapid fabrication of 3D 
porous monoliths with precise control over their nano- and 
microscale architecture by adjusting processing parameters 
and the characteristics of coagulation bath [19, 20]. In this 
latter context, the proper design of fluffy fibrous structures 
is crucial for obtaining materials that are mechanically flex-
ible and lightweight, while also ensuring a high surface area 
for the deposition of active nanoparticles that enhance long-
term antimicrobial effectiveness.

Silver and its compounds have long been recognized for 
their potent antimicrobial properties [21]. The antibacte-
rial efficacy of silver nanoparticles (AgNPs) is primarily 
attributed to the release of Ag⁺ ions and the nanoparticles’ 
high surface reactivity, enabling them to interact with and 
disrupt bacterial cell membranes, leading to cell death [22]. 
These silver ions can bind to bacterial membranes, impair-
ing energy production by disrupting ATP synthesis, and 
interfere with DNA replication. Additionally, they promote 
the generation of reactive oxygen species (ROS), which 
further contributes to cellular damage [23]. While the com-
plete mechanisms are still under investigation, AgNPs have 
also demonstrated antiviral activity, including effectiveness 
against SARS-CoV-2, highlighting their potential in reduc-
ing viral transmission [24].

With the increasing demand for sustainable technologies, 
green synthesis of AgNPs has emerged as a widely explored 
alternative to conventional chemical routes. This approach 
relies on natural reducing agents, particularly plant extracts 
enriched with bioactive phytochemicals, to convert silver 
ions into nanoparticles under non-toxic conditions [25] and 
low temperature processes. While various plant-derived 
compounds have been involved in the green synthesis of 
metal nanoparticles, polyphenols are the most prominent 

contributors, owing to their strong electron-donating capac-
ity and their ability to enhance the stability of the resulting 
nanomaterials [26].

Tannins are phenolic substances commonly found 
throughout a wide variety of plant species [27]. Among 
these, tannic acid is particularly notable for its strong anti-
oxidant capacity [28] and its effective ability to reduce metal 
ions, especially under basic pH conditions, and to stabilize 
the resultant nanoparticles without increasing the tempera-
ture [29]. In addition, tannic acid exhibits antibacterial 
effects against selected microbial strains [30], suggesting 
its potential to enhance the overall antimicrobial efficacy of 
AgNP-based systems.

The in situ green reduction approach has also been suc-
cessfully applied to fibrous materials [31]. In this study, 
fibrous poly(lactic acid) (PLA) mats were fabricated using 
wet electrospinning and then functionalized via an in situ 
green reduction process employing tannic acid, previously 
evaluated by the authors for its effectiveness as a natural 
reducing agent [32]. Given that the reductive capacity of 
tannic acid is strongly influenced by pH [33], two differ-
ent pH conditions were employed to assess their impact on 
nanoparticle formation. The stability and antibacterial per-
formance of the functionalized fibers were then evaluated 
following prolonged immersion in water, to simulate condi-
tions relevant to filtration and humid environments together 
along with an antibacterial water filtration test using a 
bench-scale dead-end filtration model system.

2  Materials and methods

2.1  Materials

Polylactic acid (PLA) used in this work was a commercial 
sample of Ingeo 2003 D (NatureWorks), having a content 
of D-LA monomer equal to ~ 4%, density (ρ) = 1.24 g/cm3, 
melt flow index (MFI) = 6  g/10 min, melting temperature 
(Tm) = 160  °C, and Mw = 240  kDa. Tannic acid (TA) was 
used as a reducing agent for the green reduction in situ of 
the silver nanoparticles (AgNPs) and silver nitrate (AgNO3) 
was used as the silver source in the process. Potassium car-
bonate (K2CO3) and sodium hydroxide (NaOH) were used 
to maintain alkaline pH during the process. All reactants 
were purchased by Merck (Darmstadt, Germany).

2.2  One step preparation of PLA fluffs

To fabricate the fibrous fluffs, a vertical electrospinning 
setup was designed with a liquid collector serving as a 
coagulation bath (Fig.  1a). A 10 wt% PLA solution was 
prepared by dissolving PLA in a chloroform/acetone (2:1 
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v/v) mixture under stirring. The solution (30 mL) was then 
loaded into a glass syringe fitted with a 19G stainless steel 
needle and processed via dry jet wet electrospinning into an 
ethanol/water (7:3 v/v) coagulation bath.

The electrospinning parameters were set as follows: 
15 kV voltage, 3 mL/h flow rate, 10 cm dry jet height (hD), 
2.5 cm liquid height (hL), and 15 min of electrospinning per 
batch. The resulting wet fluffy monoliths were promptly 
transferred to deionized water to prevent collapse (Fig. 1b).

This technique, known as coagulation-wet electrospin-
ning, is highly effective for rapidly fabricating fibrous mate-
rials with a multiscale design [19, 20]. While fiber diameter 
can be controlled by tuning the electrospinning parameters, 
as in conventional electrospinning processes, the care-
ful selection of the coagulation bath composition enables 
control over the three-dimensional fiber arrangement and 
pore architecture. In this case, 70:30 ethanol/water bath 
was selected as a compromise between surface tension and 
phase separation rate. In fact, the ethanol lowers the surface 
tension, allowing the fibres to sink and arrange in a three-
dimensional structure, while the water content is sufficient 
to accelerate solvent exchange and phase separation, pro-
moting porosity in the PLA fibres, with desirable increase 
of surface area in view of the subsequent functionalization.

2.3  Functionalization with tannic acid (PLA-TA)

The protocol for the functionalization was adapted for the 
in situ reduction of nanoparticles from a previous work of 
Kodadaddi et al. [34] that was already established by the 
authors in the reduction in situ of silver nanoparticles on 
natural zeolite clinoptilolite [32]. The PLA fluff was trans-
ferred from deionized water, where it was kept, to a 0.006 
M tannic acid aqueous solution and buffered with K2CO3 

aqueous solution at pH 8.5. The fluff was maintained on a 
roller for 24 h to let the functionalization happen and then 
rinsed in Milli-q water.

2.4  Functionalization with silver (PLA-TA-Ag)

The PLA-TA fluff was transferred to a silver nitrate 0.5 
M aqueous solution. Two types of functionalization were 
applied, A and B, to estimate the effect of pH variation on 
nanoparticle formation. In the functionalization A the PLA-
TA fluff after being immersed in the silver nitrate solution 
was kept on a roller for 24 h while in the functionalization 
B the PLA-TA fluff immersed in the silver nitrate solution 
underwent a buffering with sodium hydroxide solution at 
pH 8.5 similarly to what was done for the reduction in situ 
on clinoptilolite by the authors [32]. The entire functional-
ization process is reported in Fig. 2. Both samples were sub-
sequently stored in Milli-Q water for 30 days and labeled 
as PLA-TA-Ag A 30d and PLA-TA-Ag B 30d, respectively.

2.5  Sample characterization

2.5.1  Physicochemical characterization

PLA characterization followed every step of the function-
alization, first with tannic acid, later with silver. Attenuated 
Total Reflectance Fourier-Transform Infrared spectroscopy 
(ATR-FTIR, Nicolet iS 50 Spectrometer (Thermo Scientific, 
Milan, Italy)) was utilized to characterize the chemical com-
position and bonding on PLA with tannic acid. Morphologi-
cal characterization was conducted through Field-Emission 
Electron Microscopy (FESEM-EDS SUPRATM 40, Zeiss 
and Merlin Gemini Zeiss). Compositional analyses were 
carried out using energy dispersive spectroscopy (EDS, 

Fig. 1  Schematics of the coagulation-wet electrospinning process (a); digital photograph of a collapsed dry fluff and an expanded wet fluff stored 
in distilled water (b)
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Bragg–Brentano X’pert Philips diffractometer) using the 
Bragg Brentano camera geometry and the Cu-Ka incident 
radiation. The 2θ range used for sample measurements was 
from 20° to 80°. Analysis of the obtained pattern werer per-
formed with X’Pert HighScore software, referencing the 
PCPDF database.

All characterizations were performed on the PLA-TA-Ag 
A and B samples, as well as after 30 days of immersion in 
Milli-Q water (PLA-TA-Ag A 30d and PLA-TA-Ag B 30d). 
The water in which the samples were stored for 30 days was 
analyzed to assess the release of silver ions. Each sample 
was immersed in 5 mL of water, which was subsequently 
diluted fivefold before analysis. Silver ion concentrations, 
expressed in parts per million (ppm), were measured using 
a spectrophotometer (Hanna Instruments).

2.5.2  Antibacterial activity evaluation

The preliminary antibacterial efficacy of PLA samples 
was assessed through the zone of inhibition test accord-
ing to the NCCLS M2-A9 [36] performance standard using 
non-pathogenic strains of Staphylococcus epidermidis 
(Gram-positive, ATCC14990) and Escherichia coli (Gram-
negative, ATCC8739). The bacterial solutions (McFarland 
index 0.5) were spread on Mueller Hinton and Nutrient agar 
plates. PLA, PLA-TA-Ag A, PLA-TA-Ag B, PLA-TA-Ag 
A 30d and PLA-TA-Ag B 30d samples were placed onto 

EDAXPV 9900TM) and X-rays photoelectron spectroscopy 
(XPS). X-rays photoelectron spectroscopy (XPS) measure-
ments were carried out through a Kratos Axis UltraDLD spec-
trometer (Kratos Analytical Ltd.) with a monochromated Al 
Kα X-ray source (hν = 1486.6 eV) operating at 20 mA and 15 
kV. Each specimen was prepared by pressing some µg of the 
sample onto an indium substrate until producing a homoge-
neous film. The wide scans were collected over an analysis 
area of 300 × 700 µm2 at a photoelectron pass energy of 
160 eV and energy step of 1 eV, while Ag Auger, Ag 3d, 
C 1s, and O 1s high-resolution spectra were collected at a 
photoelectron pass energy of 10 eV and an energy step of 
0.1 eV, corresponding to an instrumental resolution of 0.26 
eV. A take-off angle of 0° with respect to the sample normal 
direction was used for all analyses. The differential elec-
trical charging effects observed on all samples were neu-
tralized. The spectra have been calibrated to the PLA C-C 
component of the carbon 1s peak at 284.8 eV, except for the 
spectra of the standard metallic Ag specimen, which have 
been calibrated to the Fermi edge at 0 eV. The spectra were 
analyzed with the CasaXPS software (Casa Software Ltd., 
version 2.3.25) [35] and the residual background was elimi-
nated by the Shirley method across the binding energy range 
of the peaks of interest. The relative atomic concentrations 
were then estimated using the specific function in the Casa-
XPS software. The characterization in terms of the samples’ 
structure was performed using X-ray diffractometry (XRD, 

Fig. 2  Schematics of the green route followed to functionalize PLA with Tannic Acid and silver
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and incubated at 35 °C for 24 h to assess bacterial growth 
on the filter surfaces. The release of Ag⁺ during the filtration 
test was quantified by analyzing the collected filtrate using 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS, 
Thermo Scientific iCAP™ Q ICP-MS). All experiments 
were performed in triplicate to ensure reproducibility.

3  Results

3.1  Physiochemical characterization of PLA-TA-Ag A 
and PLA-TA-Ag B

Figure 3 presents the ATR-FTIR analysis. The characteristic 
bands of PLA film, observed at 1750, 1180, 1082, and 1043 
cm− 1, represent the ester backbone of PLA and are clearly 
visible in the FTIR spectra [38]. Additionally, the strong 
peak at 1753 cm− 1, corresponding to the -C = O stretch-
ing in PLA, is also present in the composite membrane 
[39]. The grafting of tannic acid onto PLA is confirmed in 
the PLA-TA spectrum, as indicated by distinct absorbance 
peaks related to the C = O and C-O stretching of quinic acid 
esters located at 1718 and 1220 cm− 1, respectively. Further-
more, the features between 1600 and 1400 cm− 1 correspond 
to aromatic units [40]. These characteristic peaks effectively 
demonstrate the effectiveness of PLA fibers functionaliza-
tion with tannic acid.

After confirming the successful functionalization with 
tannic acid using FTIR analysis, the morphology of the 
samples was characterized through field emission electron 
microscopy (FE-SEM), as reported in Fig. 4.

The PLA exhibits a three-dimensional arrangement 
of fibers having a rough texture and a narrow diameter 

the agar plates and incubated at 35 °C for 24 h. After the 
incubation, the formation of a halo was observed around the 
samples. The samples were incubated for an additional 24 h 
to evaluate the stability of the formed halo.

2.5.3  Mechanical testing in water

Mechanical tests in compression mode were performed in 
water at T = 25  °C by means of a dynamometer (Instron 
3365, U.K.) equipped with a 1 kN load cell and a BioPuls 
Bath (Norwood, USA). Measurements were carried out in 
triplicate on cylindrical specimens (diameter = 4  mm and 
height = 5.5  mm) compressed until failure at a constant 
crosshead speed of 1 mm/min. The initial elastic modulus 
(E₀) was determined from the slope of the linear fit of the 
stress-strain curve in the initial quasi-linear region (0–10% 
strain). The densification modulus (EF) was obtained from 
the slope of the linear fit in the final densification region. 
The intersection of these two linear fits was used to identify 
the densification onset coordinates (εD and σD). The maxi-
mum stress (σmax) and strain (εmax) were directly extracted 
from the stress-strain curves. The energy absorbed during 
compression was calculated by numerical integration of 
the area under the stress-strain curve. Furthermore, in view 
of water filtration applications, the strain corresponding to 
typical operating pressures (0.5–0.6 bar) was determined to 
assess the structural integrity of the materials under service 
conditions. Data were reported as mean value ± SD.

2.5.4  Antimicrobial water filtration test

Antibacterial water filtration test was performed on PLA, 
PLA-TA-Ag A, and PLA-TA-Ag B using a non-pathogenic 
Staphylococcus epidermidis strain (ATCC 14990). The 
experiment followed the protocol reported by Park et al. 
[37]. Deionized water was autoclaved and inoculated with 
a bacterial suspension to obtain a final concentration of 5 
× 105 colony-forming units (CFU)/mL. Starting from 20 
mL, successive aliquots of contaminated water were filtered 
using a dead-end filtration setup (total filtered volume: 100 
mL; TMP: 0.6 bar). For each 20 mL fraction, bacteria in 
the filtrated water were quantified by plating on Columbia 
blood agar and incubating at 35 °C for 24 h. The log reduc-
tion value (LRV) was calculated as:

LRV = −log10

(
Cf

C0

)

where C0 is the initial bacterial concentration in the feed and 
Cf is the bacterial concentration in the filtrate. After filtra-
tion, the samples (PLA, PLA-TA-Ag A, and PLA-TA-Ag 
B) were recovered, placed onto Mueller–Hinton agar plates, 

Fig. 3  FTIR spectra of PLA before and after the functionalization with 
tannic acid (PLA-TA)
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the second functionalization method; this result is compara-
ble with what was previously obtained by the authors [32]. 
This is likely due to the fact that the reducing properties 
of polyphenols are pH-dependent: an alkaline pH promotes 
silver functionalization, as more hydroxyl groups become 
deprotonated and can attract a greater number of silver ions 
[41]. The introduction of silver through in situ reduction is 
thus enhanced at higher pH levels. These results are consis-
tent with those obtained from morphological analysis.

The structure of the nanoparticles on the fiber surface was 
examined through XRD analysis, with the results shown in 
Fig. 5. The peaks in the PLA-TA-Ag A sample correspond to 
the crystalline structure of metallic silver (referenced by the 
JCPDS card of Ag NO. 04–0783 [44], whereas the peaks in 

distribution, with a mean value of 1.29 μm (see Fig. S1a, 
supporting information). The fibers display a spongy struc-
ture, characterized by plenty of pores having 45 nm mean 
diameter (Fig. S1b). Nanometric cavities result from the 
phase separation induced by the presence of water in the 
coagulation bath during wet electrospinning process and 
are advantageous for all applications that require increased 
surface areas. Upon silver functionalization, nanoparticles 
were observed on the surface of the fibers in both cases. Fol-
lowing the first type of functionalization (A), the nanopar-
ticles appeared small and well-distributed (Fig. 4c, d), while 
in the sample PLA-TA-Ag B, the nanoparticles were larger 
and more densely decorating the fibers, including within the 
pores (Fig. 4e, f). This could be attributed to the enhanced 
reducing properties of tannic acid at an alkaline pH [41]. 
Additionally, the porosity of the fibers appears increased 
after the functionalization B; this is probably due to the 
contact with the NaOH solution during the functionaliza-
tion process that can cause a partial hydrolysis of the PLA 
fibers [42, 43].

EDS analysis was performed on the PLA-TA-Ag A and 
PLA-TA-Ag B samples, and the results are shown in Table 
1. The silver concentration is approximately 0.5 at% in the 
PLA-TA-Ag A sample, while it reaches nearly 8 at% after 

Table 1  EDS analysis on PLA-TA-Ag A and PLA-TA-Ag B
PLA-TA-Ag A PLA-TA-Ag B
Element % at Element % at
C 43.7 ± 2.5 C 31.1 ± 4.5
O 55.8 ± 2.4 O 61.2 ± 1.7
Ag 0.5 ± 0.2 Ag 7.7 ± 3.3 Fig. 5  XRD patterns of PLA, PLA-TA-Ag A and PLA-TA-Ag B

 

Fig. 4  FESEM images of PLA (a, b), PLA-TA-Ag A (c, d) and PLA-TA-Ag B (e, f) taken at different magnifications
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[49]. All this considered, an analysis based on the fitting of 
the Ag 3d region to gain information about the oxidation 
state of AgNPs would be highly unreliable. Instead, the Ag 
MNN Auger region around 1135 eV in binding energy (Al 
Kα source) is known to have sufficiently different shape and 
shift between metallic and oxidized species to permit their 
identification [49].

First, Ag 3d and Ag Auger spectra were obtained from 
standard metallic Ag and Ag2O specimens (Figure S6), 
in order to have internal references to compare with our 
samples. The Ag 3d peaks of the two standards share the 
same binding energy (368.2 eV) and exhibit slightly differ-
ent FWHM, i.e., 0.5 eV for the metal compared to 0.7 eV 
for the oxide, and shape, that is, asymmetric for the metal 
compared to Gaussian-Lorentzian for the oxide. These 
differences are not useful for the analysis of the samples, 
because the FWHM of all AgNPs 3d peaks is higher than 
that one of both standard samples. Instead, the structure of 
the Ag Auger regions can be used for the determination of 
the AgNPs oxidation state, as expected, according to the fol-
lowing procedure. First of all, the Auger regions were fitted 
of the two standards with a certain number of components, 
which have no specific chemical or physical meaning, but 
just help to reproduce the experimental trends. The best fits 
were achieved using seven components for the metal and 
four for the oxide (Figure SI 6b-d). For each region, these 
components were fixed in terms of binding energy position, 
FWHM, and relative intensities, in order to produce two 
different sets of data representing metal and oxide contri-
butions, respectively. Subsequently, the Ag Auger regions 
of PLA-TA-Ag A and B were deconvoluted using these 
sets of peaks in a two-step procedure. First, the fitting was 
performed by varying only the overall intensity of each set 
of peaks, fixing all the other parameters. Second, the bind-
ing energy and FWHM of all the components were tuned 
in a narrow range, i.e., 0.2 eV around the starting value, to 
achieve the best overlap between the fitting and the experi-
mental data, while the relative ratios of the components 
within each set were not varied.

In this way, the fitting of the Ag Auger regions of the 
samples is the result of a linear combination of the metal and 
oxide (Ag2O) contributions, providing information about 
their presence and their relative atomic abundance in each 
sample, which was not possible from the analysis of Ag 3d 
regions.

The results of such procedure are shown in Fig. 6. The 
fittings confirm that in every sample there is the coexistence 
of metallic and oxidized Ag: their relative atomic concentra-
tions, summarized in Table 3, are calculated from the total 
areas of the two different sets of peaks, one representing 
the metal contribution and the other representing the oxide 
contribution.

the PLA-TA-Ag B sample can be attributed to both the crys-
talline structures of silver oxide and metallic silver (Ag2O 
reference and JCPDS card 01-1041 [45]), . The reducing 
ability of polyphenolic compounds is strongly influenced 
by the system’s pH; a highly alkaline pH is necessary to 
fully deprotonate the hydroxyl groups, which are primarily 
responsible for reducing silver ions into metallic silver [41]. 
Unlike the authors’ previous findings concerning the in situ 
reduction of AgNPs on clinoptilolite [32], where a pH of 8.5 
enhanced silver ion reduction, the reduction is incomplete 
here, as silver oxide nanoparticles are also formed [46]. This 
may be related to the partial hydrolysis of PLA in contact 
with NaOH, which releases H+, lowering the overall sys-
tem pH and thus reducing the effectiveness of tannic acid’s 
reducing capabilities [42, 43].

XPS was specifically employed to investigate the chemi-
cal state of AgNPs. The wide scans acquired in each sample 
(Figure S2) reveal the presence of Ag, C, and O, with the 
relative atomic concentrations reported in Table 2. The XPS 
results confirm the EDS findings regarding Ag concentra-
tions, showing a higher amount in the PLA-TA-Ag B sam-
ple. C 1s and O 1s high-resolution spectra show the typical 
components of the chemical structure of the PLA matrix 
(Figures S3-S4). As regards silver analysis, the investiga-
tion on Ag 3d high-resolution spectra does not clarify the 
oxidation state of AgNPs. For each sample, the Ag 3d region 
(Figure S5) is characterized by a doublet in which the 5/2 
component binding energy ranges in an interval of only 0.2 
eV (368.0-368.2), even lower than the instrumental resolu-
tion (0.26 eV). Similarly, the full-width-at-half-maximum 
(FWHM) of each component of the doublet stays in the 
0.9–1.1 eV range for all samples. In addition to that, the 
data reported in the literature do not show a clear shift of 
the binding energy between metallic and oxidized species, 
making the identification of the Ag oxidation state based on 
the 3d peak binding energy unreliable. In fact, according to 
the NIST (National Institute of Standards and Technology) 
X-ray Photoelectron Spectroscopy Database (SRD 20), Ver-
sion 5.0 [47] the binding energy of the 3d5/2 component 
ranges from 367.9 to 368.4 eV for metallic Ag and from 
367.7 to 368.4 eV for oxidized Ag (specifically Ag2O). As a 
consequence, some works report a higher binding energy for 
the metal than the oxide [48] while others report the contrary 

Table 2  Ag, C, and O relative atomic percentages (at%) of the PLA-
TA-Ag A and B samples, calculated from Ag 3d, C 1s, and O 1s high-
resolution spectra, respectively
PLA-TA-Ag A PLA-TA-Ag B
Element % at Element % at
C 70.5 C 70.5
O 28.9 O 26.0
Ag 0.6 Ag 3.5
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PLA-TA-Ag B, whereas a smaller zone was detected for 
PLA-TA-Ag A (highlighted by the white arrows in Fig. 7b), 
consistent with the lower silver loading of this material. Given 
the high activity of Ag2O against E. coli, the pronounced 
inhibition zone observed for PLA-TA-Ag B is expected [57]. 
Notably, a “double” inhibition halo was observed, compris-
ing (i) a well-defined inner region immediately surrounding 
the fluff that was completely free of bacterial growth and (ii) 
an outer, fainter region in which bacterial proliferation was 
reduced but not fully suppressed. Similar dual-halo patterns 
have been previously reported in the literature [58].

3.3  Physiochemical characterization of PLA-TA-Ag A 
and PLA-TA-Ag B after 30 days in water

FESEM analysis was conducted on the fibers after being 
soaked in Milli-Q water for 30 days. As shown in Fig. 8, the 
fibers remain well covered with nanoparticles, particularly 
those that underwent type B functionalization. This can be 
attributed to the effective functionalization of the PLA fibers 
with tannic acid, which is known for its stability in aqueous 
solutions over time [59].

EDS analysis was repeated after 30 days of soaking in Milli-
Q water, and the outcomes are provided in Table 4. The sil-
ver content in the PLA-TA-Ag A sample appears unchanged, 
while a significant reduction is observed in the PLA-TA-Ag 
B sample. The oxidation state of silver plays a key role in the 
release kinetics of silver ions: according to the literature, the 
release of soluble silver involves a heterogeneous oxidation 
reaction. Consequently, if the nanoparticles are already oxi-
dized, less energy is required to complete this reaction [60]. 
This phenomenon likely explains the changes in silver con-
centration after 30 days of immersion. In any case, the amount 
of silver observed after 30 days of immersion remains signifi-
cant for the maintenance of antibacterial properties.

The XRD analysis results obtained after 30 days of water 
immersion are reported in Fig. 9 and confirm the findings 
from the EDS analysis (Table 4). After 30 days, both sam-
ples show the presence of only metallic silver. This is likely 

It’s important to notice that XPS is a surface-sensitive tech-
nique that provides the exact atomic composition and oxida-
tion states at the surface, with a sampling depth of 10 nm at 
maximum from the sample surface [50]. As a result, its mea-
surements are not directly comparable to those obtained from 
techniques such as XRD, which probe much deeper into the 
material, typically on the micrometer scale, yielding an “aver-
age” structural composition of the bulk material. For instance, 
XPS consistently detected a higher amount of oxidized silver 
in the sample PLA-TA-Ag A compared to XRD. This discrep-
ancy can be attributed to the presence of a thin surface layer of 
air-oxidized silver on the AgNPs, likely too thin to be detected 
by XRD, as suggested in previous studies [51, 52].

3.2  Antibacterial activity evaluation of PLA-TA-Ag A 
and PLA-TA-Ag B

Antibacterial activity was assessed using a zone of inhibition 
test against S. epidermidis. As shown in Fig. 7, the control 
sample consisting of only PLA fluff exhibited no antibacte-
rial activity, allowing bacterial colonies to grow around it. In 
contrast, the two functionalized samples demonstrated clear 
antibacterial efficacy against S. epidermidis. The antibacte-
rial properties of metallic silver are well established [53], 
and Ag2O is also known for its effectiveness against various 
microorganisms [54]. The large bacteria-free zone observed 
in the PLA-TA-Ag B sample is undoubtedly due to the higher 
silver content detected by EDS, but the synergistic effect of 
metallic silver and silver oxide may also contribute to the 
enhanced antimicrobial activity of the sample [55]. For E. 
coli, a Gram-negative bacterium generally considered more 
resistant [56], the inhibition halo was clearly observed for 

Table 3  Ag(0) and Ag2O relative atomic percentages (at%) in the 
PLA-TA-Ag A and PLA-TA-Ag B samples, calculated from the Ag 
Auger regions according to the method explained in the text
Sample at% Ag(0) at% Ag2O
PLA-TA-Ag A 43.1 56.9
PLA-TA-Ag B 64.8 35.2

Fig. 6  High-resolution Ag MNN 
Auger spectra of the PLA-TA-
Ag A (a) and PLA-TA-Ag B (b) 
samples. The green components 
are related to the metallic Ag 
contribution, while the violet 
ones are related to the Ag2O 
contribution
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because silver oxide rapidly releases silver ions, leaving 
only metallic silver in the PLA-TA-Ag B sample.

XPS analysis was also carried out on the samples after 30 
days of immersion in Milli-Q water. The wide scan spectra 
(Figure S2) confirmed the presence of Ag, C, and O, with 
relative atomic concentrations reported in Table 5. The XPS 
results align with the EDS findings, showing a higher sil-
ver content in the PLA-TA-Ag B 30d sample, although both 
samples exhibited a decrease in Ag concentration compared 
to the initial condition (Table 2).

Table 4  EDS analysis performed on PLA-TA-Ag A and PLA-TA-Ag 
B after 30 days in water
PLA-TA-Ag A 30d PLA-TA-Ag B 30d
Element % at Element % at
C 41.0 ± 2.5 C 37.6 ± 1.1
O 58.9 ± 2.2 O 59.2 ± 1.4
Ag 0.5 ± 0.3 Ag 3.3 ± 1.1

Fig. 7  Zone of inhibition test against S. epidermidis (a) and E. coli (b) with PLA, PLA-TA-Ag A and PLA-TA-Ag B after 24 and 48 h of incubation

 

Fig. 9  XRD patterns of PLA, PLA-TA-Ag A and PLA-TA-Ag B after 
30 days in water

 

Fig. 8  FESEM images of PLA-
TA-Ag A (a, b) and PLA-TA-Ag 
B (c, d) after 30 days in water
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to PLA-TA-Ag A. This outcome aligns with the previously 
reported higher silver loading in sample B and suggests an 
enhanced release behavior associated with the greater con-
tent of oxidized silver species, which is known to dissolve 
more rapidly in aqueous environments.

3.4  Antibacterial activity evaluation of PLA-TA-Ag A 
30d and PLA-TA-Ag B 30d

As shown in Fig. 11, a zone of inhibition test was also con-
ducted on the samples after 30 days of soaking in Milli-
Q water. As anticipated based on previous analyses, the 
samples retained their antibacterial properties, indicating 
their potential for applications in water-contact environ-
ments (Fig. 8). This sustained antibacterial effect even after 
prolonged immersion suggests a stable release mechanism 
of the active species. Notably, considering the comparative 
results obtained earlier in the study, it is plausible that anti-
bacterial activity is more strongly linked to the presence of 
metallic silver rather than silver oxide. The persistence of 
inhibition zones implies that the metallic form of silver may 
play a dominant role in maintaining long-term antimicrobial 
efficacy [60], likely due to its slower oxidation and continu-
ous surface activity. This highlights the importance of the 
silver speciation in designing materials for durable antimi-
crobial performance. As shown in Fig. 11b, the antibacterial 

The high-resolution C 1s (Fig. S3) and O 1s spectra (Fig. 
S4) show the typical components of the PLA matrix, indi-
cating the polymer’s structural stability over time. In con-
trast, the Ag 3d spectra did not provide reliable information 
on the oxidation state of silver, as the 3d₅/₂ binding energy 
remained within a narrow 0.2 eV range (368.0–368.2 eV), 
which is smaller than the instrumental resolution (0.26 eV). 
Similarly, the FWHM of the peaks (0.9–1.1 eV) exceeded 
those observed in standard Ag and Ag₂O references, making 
chemical state attribution through 3d analysis unreliable.

Therefore, the Ag MNN Auger region was analyzed 
using the fitting approach described in Sect.  3.1. The results, 
shown in Fig. 10, reveal a coexistence of metallic silver and 
silver oxide in both samples. The relative contributions, 
derived from the fitted Auger components (Table 6), indi-
cate a notable decrease in silver oxide content after 30 days, 
particularly in sample PLA-TA-Ag A 30d, where metallic 
silver represents over 70% of the silver species.

These findings support the hypothesis that silver oxide 
dissolves more readily in water than metallic silver, leading 
to its preferential loss over time. Although XPS is a surface-
sensitive technique with a maximum sampling depth of ~ 10 
nm [50], and thus not directly comparable to bulk-sensitive 
methods like XRD, the results are consistent with other 
analyses and with literature reports describing the rapid sol-
ubilization of Ag₂O under aqueous conditions [60].

The Milli-Q water in which the samples were stored for 
30 days was analyzed to quantify the release of Ag⁺ ions, 
with the results summarized in Table 7. Consistent with the 
EDS findings, a significantly higher silver ion concentra-
tion was detected in the PLA-TA-Ag B sample compared 

Table 5  Ag, C, and O relative atomic percentages (at%) in the PLA-
TA-Ag A 30d and PLA-TA-Ag B 30d, calculated from Ag 3d, C 1s, 
and O 1s high-resolution spectra, respectively
PLA-TA-Ag A 30d PLA-TA-Ag B 30d
Element % at Element % at
C 69.8 C 67.5
O 29.9 O 29.5
Ag 0.3 Ag 3.0

Table 6  Ag(0) and Ag2O relative atomic percentages (at%) in the 
PLA-TA-Ag A 30d and PLA-TA-Ag B 30d, calculated from the Ag 
Auger regions according to the method explained in the text
Sample at% Ag(0) at% Ag2O
PLA-TA-Ag A 30d 73.2 26.8
PLA-TA-Ag B 30d 51.8 48.2

Table 7  Silver ion concentration (Ag⁺, in ppm) measured in the Milli-
Q water after 30 days of immersion of PLA-TA-Ag samples
Sample Ag+ (ppm)
PLA-TA-Ag A 0.345
PLA-TA-Ag B 5.500

Fig. 10  High-resolution Ag MNN 
Auger spectra of the PLA-TA-Ag 
A 30d (a) and PLA-TA-Ag B 30d 
(b) samples. The green compo-
nents are related to the metallic 
Ag contribution, while the violet 
ones are related to the Ag2O 
contribution
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these conditions, all samples exhibited limited deforma-
tion, corresponding to approximately 22–28% strain. This 
moderate compaction indicates that the fibrous architecture 

effect against E. coli is still detectable for both PLA-TA-Ag 
A and PLA-TA-Ag B, although it is less pronounced com-
pared to what was observed for S. epidermidis in Fig. 11a.

3.5  Mechanical testing

In the perspective of developing antibacterial filtration 
devices capable of maintaining structural integrity in aque-
ous environments, the mechanical behavior of the fluffy 
monoliths was evaluated by uniaxial compression testing in 
water at T = 25 °C. Representative stress-strain curves are 
shown in Figs. 12a-b, while the main mechanical parameters 
are summarized in Table 8. All samples display the charac-
teristic compressive response of highly porous fibrous net-
works, consisting of an initial quasi-linear elastic region, 
followed by progressive fibre rearrangement and packing, 
and a final densification regime associated with extensive 
compaction of the fibrous assembly [61].

The initial elastic modulus (E0) ranged between 0.1 and 
0.23 MPa, reflecting the extremely compliant nature of the 
highly porous fibrous structure. The densification modulus 
(EF), ranging from 765 to 1815  MPa, describes the stiff-
ness of the compacted fiber network and is governed by the 
density of inter-fiber contacts, structural connectivity and 
nanoparticle loading. The maximum strain (εmax), reaching 
values as high as 84–98%, confirms the extremely high ini-
tial porosity of the monoliths, in agreement with their fluffy 
morphology. Differences in EF and εmax among samples 
reflect variations in fiber packing density and interconnec-
tivity, with more compact architectures exhibiting higher 
resistance to compression. The maximum stress values 
(σmax), ranging from 46.8 to 93.6 MPa, further confirm the 
mechanical robustness of the compacted fibrous network.

From an application standpoint, the most relevant param-
eters are the compressive strains corresponding to the 
typical operating pressure range used in aqueous filtration 
systems (0.5–0.6 bar) [62]. As visible in Fig. 12b, under 

Fig. 12  Representative compressive stress-strain curves of the fluffy 
monoliths in the full range (a) and in the stress–strain region corre-
sponding to the operating pressure range (0.5–0.6 bar) (b)

 

Fig. 11  Zone of inhibition test 
against S. epidermidis (a) and E. 
coli (b) with PLA, PLA-TA-Ag A 
30d and PLA-TA-Ag B 30d after 
24 and 48 h of incubation
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retention of S. epidermidis within the fibrous matrix, con-
sidering the characteristic cell size relative to the pore size 
of the fibers [64]. Functionalization with TA/Ag improved 
bacterial removal. PLA-TA-Ag A showed LRV > 1 for the 
first 20 mL and remained around 0.8 in the last aliquot. A 
markedly higher reduction was achieved by PLA-TA-Ag 
B, consistent with its increased silver loading resulting 
from the higher pH employed during functionalization: the 
LRV was 4.2 in the first 20 mL and decreased to 2.2 in the 
final aliquot. This less stable behavior is plausibly associ-
ated with a rapid initial release of Ag species present in the 
sample [60]. Because retained bacteria may remain viable 
and proliferate on the filter over time, potentially turning 
the filter into a secondary contamination source [65, 66], the 
filtered samples were recovered after testing and incubated 
on agar plates to evaluate post-filtration bacterial growth 
(Fig. 13b). As shown in Fig. 13b, both silver-functionalized 
samples exhibited no detectable bacterial growth after 24 h, 
indicating that bacteria retained within the filter were effec-
tively inactivated by silver at the fiber surface. In contrast, 
the PLA control showed multiple colonies surrounding the 
fluff after 24 h of incubation (highlighted by white arrows 
in Fig. 13b), demonstrating that physical retention alone is 
insufficient to prevent regrowth and underscoring the need 
to incorporate an antibacterial agent into the filter to inhibit 
proliferation and potential downstream release.

The filtrate was further analyzed to quantify Ag⁺ release 
and assess the practical applicability of the materials in 
real water filtration systems. At the end of the filtration 
test, the Ag⁺ concentration measured for PLA-TA-Ag A 
was 28.07 ± 2.23 ppb, whereas PLA-TA-Ag B released 
106.65 ± 6.50 ppb.

According to the World Health Organization (WHO), the 
guideline value for silver in drinking water is 100 ppb [67]. 
Notably, PLA-TA-Ag A, functionalized at lower pH and 

maintains high porosity and structural integrity during oper-
ation, with deformation occurring primarily through revers-
ible fibre rearrangement rather than structural collapse [61, 
63]. These results demonstrate that the developed fluffy 
monoliths possess sufficient mechanical stability for filtra-
tion applications, operating well below the high-compaction 
regime identified at significantly higher stress levels.

3.6  Antimicrobial filtration test

To assess the antimicrobial performance of the function-
alized fluff under flowing-water conditions, a bench-scale 
dead-end filtration setup was assembled and operated fol-
lowing the procedure described by Park et al. [37]. The 
log reduction values (LRV) calculated from the bacterial 
concentration in the permeate for PLA, PLA-TA-Ag A, and 
PLA-TA-Ag B are reported in Fig. 13a. Neat PLA exhibited 
modest LRV values (0.82 for the first 20 mL and 0.69 for 
the final aliquot), with an overall decreasing trend. Although 
PLA is not expected to provide intrinsic antibacterial activ-
ity, the observed reduction is likely attributable to physical 

Fig. 13  Log removal value (LRV) 
of Staphylococcus epidermidis 
obtained for PLA, PLA-TA-Ag 
A, and PLA-TA-Ag B during 
the antimicrobial filtration test 
(a), along with images of PLA, 
PLA-TA-Ag A, and PLA-TA-Ag 
B after 24 h incubation following 
the antimicrobial filtration test (b)

 

Table 8  Mechanical parameters of fluffy monoliths obtained from 
compression testing
Property PLA PLA-TA-Ag A PLA-TA-

Ag B
E0 (MPa) 0.23 ± 0.02 0.11 ± 0.03 0.21
EF (MPa) 765 ± 18 1100 ± 12 1815 ± 25
εD (%) 87.2 ± 0.8 73.7 ± 1.2 86.7 ± 0.7
σD (MPa) 0.21 ± 0.1 0.08 ± 0.0 0.18 ± 0.0
σmax (MPa) 46.8 ± 1.5 71.6 ± 0.1 93.6 ± 0.1
εmax (%) 98.4 ± 0.2 84.0 ± 0.4 96.3 ± 0.1
Energy at εmax (MJ/
m3)

2.96 ± 0.1 3.94 ± 0.1 4.22 ± 0.1

ε at 0.5 bar (%) 22.0 ± 0.1 26.2 ± 0.1 23.3 ± 0.1
ε at 0.6 bar (%) 26.4 ± 0.2 28.3 ± 0.9 25.0 ± 0.4
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