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ARTICLE INFO ABSTRACT

Keywords: Amid global concerns regarding the proliferation of superbugs and viruses, new antimicrobial coatings have been
Composite coating explored to devise innovative solutions. In this context, this work presents a novel approach not previously
Polysilazane

reported in the literature, involving the synthesis of a composite coating composed of a polymeric ceramic
precursor and silica nanoparticles decorated with silver nanoparticles. These nanoparticles are produced through
a sol-gel synthesis process; subsequently, they are incorporated into a polymeric matrix to introduce silver as the
antibacterial agent. The resulting coating is manually applied onto soda lime substrates.

The characterization process unfolds in two phases. Firstly, the silver-decorated silica nanospheres undergo
examination via field-emission scanning electron microscopy, energy-dispersive X-ray spectroscopy, and X-ray
diffraction analysis to confirm the synthesis of silver nanoparticles onto silica nanospheres and to evaluate their
morphology, structure, and concentration. The antibacterial effectiveness of the synthesized filler is then
demonstrated through a zone of inhibition test using Staphylococcus epidermidis. Subsequently, the coating,
comprising a polysilazane as a ceramic precursor (commercially known as Durazane 1800) and the filler, was
characterized in the same way, evaluating its morphology, composition, and structure. Additionally, the anti-
bacterial efficacy is verified by means of the zone of inhibition test.

After incorporation into the polymeric matrix, the resulting composite coatings were homogeneous and dense.
Structural characterization by X-ray diffraction confirmed the presence of metallic silver in the coatings, while
scanning electron microscopy showed that the nanospheres were evenly dispersed within the polysilazane matrix
but mostly encapsulated. Antibacterial tests on the coatings did not show an inhibition zone, likely due to the
limited exposure of the silver nanoparticles caused by the dense and non-porous nature of the matrix. These
findings highlight the importance of optimizing matrix porosity and surface accessibility in future studies to
enhance the antibacterial performance of such hybrid coatings.

Silica nanospheres
Silver nanoparticles

1. Introduction

Microbial contamination of some commonly used surfaces, such as
medical devices, food packaging, high-touch public objects, textiles and
air filtration systems, represents a significant global concern, as it can
compromise the functionality, safety and durability of these materials
[1]. Moreover, it contributes to the global challenge of antimicrobial
resistance (AMR) [2]. In fact, in the European Union (EU), AMR results
in approximately 33,000 deaths annually and incurs healthcare ex-
penses and productivity losses amounting to EUR 1.5 billion per year
[3]. The misuse or overuse of conventional antimicrobials in humans or
animals significantly contributes to the proliferation of AMR [4]
underscoring the need to prevent bacterial contamination [5].
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The antimicrobial properties of silver, particularly in nanoparticle
form, are well-documented and recognized [6]. The antibacterial
mechanism of silver nanoparticles (AgNPs) is not completely discovered
but it could be ascribable to two main effects: the release of Ag ions and
the innate reactivity of nanoparticles. AgNPs penetrate the bacterial cell
membranes, causing cell death and, in the meanwhile, silver ions,
absorbed by the cell, disrupt ATP production and DNA replication, also
generating reactive oxygen species (ROS), which further help in killing
bacteria [7]. Even though the antiviral mechanism of action is not clear,
silver nanoparticles have also shown an effective power against viruses
including SARS-CoV-2 [8] and a wide range of other viruses, by inac-
tivating or morphologically altering the infectious viral particles or by
inhibiting the viral replication [9].
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In order to maximize the benefits associated with the use of AgNPs
simultaneously reducing the risks related to their cytotoxicity, release
and accumulation, processes able to embed them in matrixes and coat-
ings are often utilized. Composite coatings containing silver nano-
particles are useful as they allow to the protection of the nanoparticles
from the external environment (and vice versa), minimizing corrosion
and oxidation phenomena, the unintentional dispersion of them in the
surrounding environment and increasing the duration and control of the
antimicrobial effect over time [10,11]. Several materials have been used
as matrix for incorporating silver nanoparticles including glasses [11,
12], ceramics [13,14] and polymers [15,16]. Many antimicrobial
polymer matrix composites have been synthesized through the intro-
duction of antibacterial agents such as silver, copper or zinc oxide
nanoparticles [17-19].

Polysilazanes are a fascinating class of polymers characterized by Si-
N bonds in their backbones and pendent carbon-containing groups [20].
They are extensively used in coating applications due to the outstanding
thermal and mechanical properties of the resulting products [21].
Notably, polysilazanes can act as ceramic precursors in the
polymer-derived-ceramics (PDC) technique. Pyrolyzing inorganic poly-
mers at relatively low temperatures presents an interesting method for
producing ceramics. This approach serves as an alternative for creating
ceramic coatings and fibers, compared to traditional sintering methods
[22]. Incorporating AgNPs in a polysilazane matrix is a first step to
obtain composite ceramic coatings at lower temperatures, without
wasting material and with inexpensive deposition techniques [23] while
combining the inherent antibacterial activity of silver nanoparticles
with the advantageous properties of polysilazanes. Their excellent
adhesion to substrates and high-density result in high-performance
coatings [24]. Leveraging these attributes, polysilazanes have already
been employed in various functional coatings, including anti-corrosive,
anti-graffiti and anti-adherent systems [25]. Although some studies have
explored the integration of silver species in polysilazane-derived
ceramic coatings for antibacterial purposes, such as the work by Baku-
mov et al., which demonstrated the effectiveness of silver-loaded poly-
silazane matrices [22], the overall literature on the topic remains
limited. In particular, dispersing AgNPs in an organic phase is chal-
lenging [26] and metal nanoparticles often tend to aggregate. Dispersing
nanoparticles as dopants in silica materials and use them as a filler in the
polysilazane matrix is an effective solution to prevent the aggregation
during all the steps of the process (preparation, application and storage)
[27]. In fact, combining AgNPs with a material that act as a carrier can
improve the stability and dispersibility of AgNPs. In particular, silica
nanospheres are suitable for this application thanks to their stability
[28] and their compatibility with polysilazane polymers [29]. In the
PDC technique, second phases or fillers like silica (SiO3) [30] and zir-
conia (ZrO) powders are frequently used as passive fillers [31] to
mitigate the substantial volume shrinkage that can result in defects,
cracks or even delamination of the coatings [32]. The incorporation of
fillers not only aids in addressing shrinkage issues but also facilitates the
development of coatings with enhanced functionalities such as distinc-
tive friction properties, electrical or thermal conductivity and catalytic
activity [33].

Silica nanospheres (nSiO5) have found extensive application as fillers
in various composite materials, including silica-epoxy composites [34],
coatings [35] and in reinforced acrylic coatings [36].

Hybrid materials combining silica nanostructures with functional
components such as silver nanoparticles have gained increasing interest,
as the nSiO, can serve as a carrier that prevents nanoparticle aggrega-
tion during synthesis, processing, and storage [27].

Among the different types of silica materials, mesoporous silica has
also attracted significant attention as a host for silver species, both ions
[37] and nanoparticles [38,39], due to its large surface area and tunable
porosity, which facilitate both nanoparticle loading and controlled silver
ion release.

Numerous studies detail methods for silver introduction into silica
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nanostructures in order to obtain strong antimicrobial agents [40,41].
However, the sol-gel process is the most common employed for the
synthesis of silica nanospheres (nSiO,) [42], with protocols adaptable
for the incorporation of other elements onto the nSiO, like biotin,
palladium, gold [43-45] and, also, silver [46,47]. The Stober method is
a widely used sol-gel approach for synthesizing nSiO». Its high degree of
control over growth and reaction kinetics enable the creation of
numerous varieties of silica particles that have been produced since its
development [48]. Moreover, it is possible to easily functionalize
Stober-synthesized nSiO; for example by introducing ionic compounds
onto nSiO; surface like in the synthesis of bioactive glass nanoparticles
[49] or for synthesizing AgNPs decorated SiO, nanospheres, reducing
the ionic form in the metallic state via heat treatment at 600 °C for 2 h
[50].

The aim of this work is the development of AgNPs-decorated SiO,
nanospheres (AgNPs-nSiO3) to be incorporated in a polysilazane matrix
in order to obtain a composite material for potential antimicrobial
purposes. The process could be divided into two steps, starting from the
synthesis and characterization of the AgNPs-decorated SiO, nano-
spheres (AgNPs-nSiO»), followed by their dispersion into the matrix to
assess compatibility with the polysilazane, with variations in the metal
concentration. This composite approach not only enables the introduc-
tion of antibacterial functionality but also benefits from the intrinsic
properties of polysilazane-derived coatings, such as mechanical
strength, thermal resistance, and antiadhesive behavior, making the
material potentially suitable for multifunctional applications in areas
like medical devices and food contact surfaces.

2. Materials and methods
2.1. Materials

Tetraethyl orthosilicate (TEOS, at 99 % Sigma Aldrich), ethyl alcohol
(EtOH, 99,5 %, Sigma Aldrich), 33 % ammonium hydroxide (NH4OH,
Sigma Aldrich) and Milli-Q water (H20) were used in the sol-gel syn-
thesis of silica nanospheres. Silver nitrate (AgNOs, 99 %, Sigma Aldrich)
was used as the precursor for metallic silver nanoparticles. Polysilazane
Durazane 1800 (Merck) served as the polymeric ceramic precursor for
obtaining the matrix for the coating.

2.2. Synthesis of AgNPs-nSiO2

The synthesis of AgNPs decorated SiO, nanospheres (AgNPs-nSiO5)
was adapted from a previously established protocol developed by Miola
et al. for producing spherical monodispersed bioactive glass nano-
particles co-doped with boron and copper [51]. The synthesis process is
reported in Fig. 1. The first step involved the preparation of two solu-
tions, one composed of 93 mL of ethanol and 11,2 mL of tetraethyl
orthosilicate and the second composed of 46 mL of Milli-Q water, 30 mL
of ethanol and 17 mL of ammonium hydroxide, separately mixed for 30
min. Subsequently, these solutions were combined and stirred for an
additional 30 min to initiate the synthesis of silica nanospheres (nSiO3).
Two approaches were followed at this point. The resulting solution was
divided into two parts (solution A and solution B) to obtain two different
concentrations of silver. Solution An underwent a first centrifugation at
7000 rpm for 5 min to remove excess supernatant before the addition of
silver precursor, to test the influence of the amount of solvent on the
resulting silver content. After the removal of the solvent, silver nitrate
was added (0.743 g) followed by stirring for 1 h. In contrast, silver ni-
trate was directly introduced into solution B in the same quantity of
solution A and left to stir for the same amount of time. Both solutions
were then centrifuged again at 7000 rpm for 5 min and dried for 24 h at
60 °C. The resulting powders underwent heat treatment at 700 °C for 2 h
with a ramp rate of 5 °C/min. The two Ag-doped powders were labeled
as follows: AgNPs-nSiO, A for the nanospheres subjected to double
centrifugation from solution A, and AgNPs-nSiO B for those subjected to
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Fig. 1. Scheme of the synthesis of AgNPs-nSiO5 —~A and AgNPs-nSiO, - B. The pi

cture was drawn partially using images from Servier Medical Art. Servier Medical Art

by Servier is licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

single centrifugation from solution B. After the heat treatment,
approximately 1 g of AgNPs-nSiO, powder was obtained for each syn-
thesis route. Undoped nSiO5 powders were also produced as control
without adding AgNOs.

2.3. Synthesis of the composite coating Dur-nSiO2-AgNPs

The powders obtained from the heat treatment were then manually
mixed to the Durazane 1800 polymer in a 33 wt% concentration. The
mixture was manually deposited with a 100 pm film applicator onto
sodalime substrates and left to dry under fume hood for 48h. Two
samples were obtained and later characterized: the coating obtained
from Durazane 1800 and AgNPs-nSiO-A was labeled Dur-AgNPs-nSiO,
A and the coating obtained from Durazane 1800 and AgNPs-nSiO2-B was
labeled Dur-AgNPs-nSiO; B. The coating manually mixing only Durazane
polymer and nSiO, without silver (Dur-nSiO2) was prepared as control
and manually deposited on the sodalime substrates. To ensure repro-
ducibility, the synthesis of AgNPs-decorated silica nanospheres and the
preparation of the composite coatings were repeated multiple times.

2.4. Physical - chemical analysis

Both the powders, AgNPs-nSiO»-A and -B and the relative coatings,
Dur-AgNPs-nSiO,-A and -B were analyzed through field-emission elec-
tron microscopy equipped with Energy Dispersive X-ray Spectrometry
(FESEM-EDS SUPRATM 40, Zeiss and Merlin Gemini Zeiss and MIRA3
XMH, TESCAN) in order to observe morphology in top view and cross
section and composition. The FESEM images of the powders were sub-
sequently processed using ImageJ software to determine the average
size of the silica nanospheres and the silver nanoparticles, based on 20
individual measurements. X-ray diffractometry (XRD, Bragg-Brentano

X’pert Philips diffractometer) was used to investigate the crystalline
structure of the obtained products. The patterns obtained from AgNPs-
nSiO, powders were compared to those from nSiO, powders produced
using the Stober method without AgNPs functionalization. The average
crystallite size of the AgNPs on the nSiO; surface was estimated from the
most intense diffraction peak using the Scherrer equation. Similarly, the
XRD patterns for the coatings were compared, using a Dur-nSiO5 coating
made with Durazane 1800 and undecorated silica nanospheres. In
addition, Attenuated Total Reflectance Fourier-Transform Infrared
spectroscopy (ATR-FTIR, Nicolet iS 50 Spectrometer (Thermo Scientific,
Milan, Italy)) was utilized to characterize the chemical composition of
the filler and the composite coatings.

2.5. Antibacterial test

The antibacterial efficacy of the powders AgNPs-nSiO5 A and -B and
the coatings (Dur-AgNPs-nSiO; A and -B) was tested through the zone of
inhibition test according to the NCCLS M2-A9 standard test [52] using
non-pathogenic strain of Staphylococcus epidermidis (Gram-positive,
ATCC14990). For the powders, pellets with a diameter of 1.3 cm were
made with 150 mg of the samples AgNPs-nSiO»2-A and -B by using a
manual press by compacting the powders at 100 bar for 1 min; as a
control a pellet was made with SiO nanospheres synthesized as
described previously without the addition of silver nitrate. S. epidermidis
colonies were inoculated in Mueller-Hinton broth to obtain a bacterial
suspension with a McFarland turbidity standard of 0.5 (1 x 10%
CFU/mL), which was then uniformly spread onto Mueller-Hinton agar.
The samples were placed in direct contact with the agar surface and
incubated at 35 °C for 24 h. Antibacterial activity was assessed by
observing the formation of a clear inhibition zone around the sample,
indicating suppression of bacterial growth. The inhibition halo was
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observed after 24h and 48 h of incubation and was measured
quantitatively.

2.6. Leaching test in water

The release of silver ions from the coatings was evaluated using a
leaching test in Milli-Q water at room temperature. Soda-lime glass
samples (1 x 1 cm?) with coated surfaces were placed face-up in 30 mL
of water. The solutions were analyzed at regular intervals over a 24-h
period using a spectrophotometer (Hanna Instruments) to quantify sil-
ver ion concentrations in parts per million (ppm). Each measurement
was performed in triplicate to ensure accuracy.

3. Results and discussion

3.1. Morphological, compositional and structural characterization of
nSiO2-AgNPs powders

FESEM micrographs (Fig. 2) report the images relative to the AgNPs-
nSiOy A and -B, obtained by means the two approaches A and B,
compared with the silica nanospheres without silver. The powder of
nSiO, was deposited onto carbon tape before the analysis in order to
eliminate the charge effect on the electron micrographs. nSiO; (Fig. 2a
and b) appeared spherical and with a diameter of 368.2 + 9.6 nm for
nSiOg, 471.4 4+ 29.8 nm for AgNPs-nSiO, A and 440.1 + 25.6 for AgNPs-
nSiO; B. No distinctions were evident between pure nSiO; and those
functionalized at magnification of 10K (Fig. 2 a vs ¢ and e). However, at
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higher magnification, the images show the presence of very small
nanoparticles (<50 nm) displayed on the surface of the silica spheres
attributable to the formation of silver nanoparticles (Fig. 2 d and f). In
addition, the sample AgNPs-nSiO; B (f) revealed a greater presence of
smaller nanoparticles on the surface of the silica nanospheres, suggest-
ing a greater functionalization of silica nanospheres with silver nano-
particles compared to the ones obtained with the method A (Fig. 2 (d)).
To gain insight into the distribution and surface concentration of
silver nanoparticles, as well as the differences resulting from the two
synthesis approaches, high-resolution FESEM images were acquired
after depositing the AgNPs-nSiO, powders onto TEM grids. As shown in
Fig. 3, both samples exhibit small, bright nanoparticles on the surface of
the silica spheres, which can be attributed to silver nanoparticles.
Notably, the AgNPs-nSiO; A sample (Fig. 3a) shows fewer and smaller
AgNPs, whereas the AgNPs-nSiO; B (Fig. 3b) sample features larger and
more densely packed nanoparticles. The average diameter of AgNPs in
sample A is 9.9 £+ 2.9 nm, compared to 16.2 + 3.2 nm in sample B.
EDS compositional analysis (Table 1) was conducted at a low
magnification (500X), with the mean concentration value calculated
across three distinct areas. The findings validated the presence of a
higher silver content in sample AgNPs-nSiO,-B confirming a higher
presence of silver nanoparticles in the filler obtained with the method B.
The slight variation in silver content between the two samples can be
ascribed to the different solvent amounts used during the addition of the
silver precursor. In previous sol-gel systems, lower solvent volumes
favored ion adsorption on the particle surface due to reduced dilution
[511; however, in the present case, the higher solvent amount likely

Fig. 2. FESEM images of the silica nanospheres (a, b) nSiO, and the silica nanospheres decorated with silver nanoparticles obtained from the two approaches: (c, d)

AgNPs-nSiO, A and (e, f) AgNPs-nSiO, B.
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Fig. 3. High-resolution FESEM images of AgNPs-nSiO, A (a) and AgNPs-nSiO, B (b), captured at 150,000 x .

Table 1
Atomic percentage of the silicon and silver in the samples nSiO,, AgNPs-nSiO2-A
and AgNPs-nSiO,-B. Oxygen was also detected but is not reported in the table.

Powder %atomic

Si Ag
nSio, 34.1+0.8 -
AgNPs-nSiO»-A 32.0 £ 0.2 2.6 +0.3
AgNPs-nSiO, -B 31.1 +£0.01 4.4 +0.02

improved the dissolution and dispersion of the silver salt, resulting in a
more efficient incorporation of silver species. In addition, the simulta-
neous presence of residual TEOS in the synthesis of sample B may have
further influenced silver nucleation and adsorption onto the silica
surface.

In order to assess the presence of metallic silver on the silica nano-
spheres, the X-ray diffraction analysis was performed on the powders of
AgNPs-nSiO, A and AgNPs-nSiO; B and the results were compared to the
pattern obtained on the silica nanospheres nSiO,. As shown in Fig. 4a,
the patterns from all the samples show the broad halo located at 26
between 20° and 30° that corresponds to the amorphous phase of the
synthesized silica nanospheres [53]. In the pattern relative to the silver
decorated silica nanospheres all the peaks associated with the crystalline
structure of metallic silver (38.1°, 44.3°, 64.4°, 77.5° and 81.5°, Ag
JCPDS code: 04-0783 [54]), were detected, indicating the successful
reduction of silver ions into its metallic form during the heat treatment.
By looking at the shape of the pattern peaks of silver, the peaks in the
AgNPs-nSiO, -B appear more intense and narrow, suggesting that the
amount of metallic silver on the surface of silica nanospheres is higher
compared to the AgNPs-nSiO,-A powder according to the EDS results
and to the analysis of the morphological images [50]. In addition, the

(@)
AgNPs-nSiO, B
AgNPs-nSIiO, A
nSio,

* * Metaliie Ag

Intensity (A.U.)

2 Theta

crystallite size of metallic silver was estimated by applying the Scherrer
equation [55]; the resulting crystallite sizes were approximately 27 nm
for the AgNPs—nSiO;, A sample and 30 nm for the AgNPs-nSiO, B sam-
ple, confirming slightly larger crystalline domains in the latter. These
values are in qualitative agreement with the FESEM observations, which
revealed Ag nanoparticles with average diameters of ~10 nm and ~16
nm, respectively. The lower size values obtained from FESEM can be
partly attributed to the intrinsic limitations of high-resolution imaging
on insulating silica nanospheres.

FTIR analysis was conducted to identify the chemical groups present
in the samples, with the results shown in Fig. 4b. In all three spectra, the
most prominent peak appears at 1120 cm ™! and can be attributed to the
asymmetric stretching vibration of Si-O-Si bonds. Additionally, the
peak observed at 820 cm™! corresponds to the symmetric stretching
mode of the same Si-O-Si network [56]. In the nSiO5 sample that did not
undergo heat treatment, absorption bands associated with O-H and
Si-OH groups are still evident. These signals are likely due to the pres-
ence of hydroxyl and silanol groups, which are commonly found in silica
synthesized via the sol-precipitation method from tetraethyl orthosili-
cate (TEOS) [57].

3.2. Antibacterial effect of AgNPs-SiO powder

The inhibition halo test (Fig. 5) was performed using a Staphylococcus
epidermidis strain in order to evaluate the antibacterial activity of the
silver decorated silica nanospheres, comparing the results with the silica
nanospheres without silver. After 24 and 48 h of incubation, circular
halo of 2.8 + 0.7 mm and 3 + 0.3 mm, respectively, were observed
around the AgNPs-nSiO; A and AgNPs-nSiO; B, indicating antibacterial
activity. In contrast, the control SiO does not exhibit any antibacterial
effect, permitting bacterial colonies to proliferate around it. The slightly
larger inhibition zone observed for AgNPs-nSiO; B is consistent with its

(b)
AgNPs-nSIO, B .
AgNPs-nSIO, A 3

e NSIO, 4

Absorbance (A.U.)

4000 3500 3000 2500 2000 1500
Wavenumber (cm™)

Fig. 4. XRD patterns of silica nanospheres without silver (nSiO,) and Ag decorated silica nanospheres (AgNPs-nSiO, A and AgNPs-nSiO, B) (a). ATR-FTIR spectra of

the samples nSiO,, AgNPs-nSiO, A and AgNPs-nSiO, B (b).
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"

B

(b) nSioO,

AgNP

g L
ERa

s-nSiO, A

Fig. 5. Photos of the results of inhibition halo test against S. epidermidis relative to AgNPs-nSiO5 A and -B compared with the control SiO, nanopowder, in the shape

of pellets after (a) 24h and (b) 48h of incubation.

higher silver loading and with the higher density/larger size of AgNPs
observed in this sample compared to AgNPs-nSiO A (Figs. 3 and 4 and
Table 1). This suggests that not only the presence of silver, but also its
surface availability and distribution on the nanospheres, plays a role in
the antibacterial response. The differences in synthesis conditions be-
tween the A and B routes translate into measurable differences in anti-
bacterial performance.

3.3. Morphological, compositional and structural characterization of the
Dur-AgNPs -nSiO2 coatings

Fig. 6 shows FESEM images of the coatings containing silica nano-
spheres (nSiO3) and silver-decorated silica nanospheres (AgNPs-nSiO3)
embedded in a polysilazane matrix. In all images, the large gray areas

correspond to the continuous polysilazane matrix, which forms a dense,
compact layer across the substrate surface.

In the control coating containing only silica nanospheres (Dur-nSiO»,
Fig. 5a), spherical nSiO, particles are homogeneously dispersed within
the matrix and appear partially embedded or protruding from the
polymer surface. No evidence of particle agglomeration is observed,
which is a common issue during the synthesis of such doped coatings
[27].

Coatings containing silver-decorated silica nanospheres (Dur-AgNPs-
nSiO»-A and -B, Fig. 5b and c) exhibit a similar morphology. The silica
nanospheres are again well distributed within the matrix, confirming the
suitability of nSiO; as a stable and uniform filler and effective carrier for
silver nanoparticles. However, the FESEM micrographs also reveal that
the nanospheres are consistently coated by the polysilazane matrix. This

Fig. 6. Top-view FESEM images of the coatings (a) Dur-nSiO,, (b) Dur-AgNPs-nSiO, A and (c) Dur-AgNPs-nSiO, B and cross-sectional FESEM images of the coating

Dur-AgNPs-nSiO, B (d).
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is evident from the smooth and continuous layer surrounding the par-
ticles and the lack of sharp interfacial contrast typically expected for
bare particle surfaces.

At higher magnification (Figure SI 1), the silica nanospheres appear
embedded within the matrix, with only their general shape protruding
slightly. Even in the samples containing silver-decorated particles
(Figure SI 1b, ¢), where small bright spots may be attributed to AgNPs,
these features are located on particles that still appear partially
encapsulated.

Overall, the coating structure appears dense and continuous, with no
observable porosity or significant surface exposure of the fillers, factors
that likely contribute to the limited antibacterial performance of the
final composite.

To further investigate the internal morphology of the coating and
confirm the distribution of the filler within the bulk, cross-sectional
FESEM images of the Dur-AgNPs-nSiOy B sample were acquired and
are reported in Fig. 6d and Figure SI 1d. As shown, the cross-section
closely resembles the top-view morphology: the polysilazane matrix
forms a dense and continuous phase, with no visible porosity or
microcracks. The AgNPs-nSiO, B filler is homogeneously dispersed
throughout the coating thickness, and no particles appear to protrude
toward the surface. Importantly, even in cross-sectional view, the silica
nanospheres are fully embedded within the matrix, and the silver
nanoparticles remain unexposed (Figure SI 1d). This confirms that the
encapsulation of the active phase persists throughout the entire coating
volume, likely limiting both the direct contact of AgNPs with bacteria
and the release of Ag™ ions.

EDS analysis was performed on the two samples and the control Dur-
nSiOz on an area at 5k of magnification an on the particles displayed in
the coatings with a punctual analysis. Both samples show a low amount
of silver in the coating (Table 2) but when a punctual EDS is performed
on the smaller particles that are decorating the silica nanospheres, the
atomic percentage of silver tends to increase as depicted in Table 2. In
general, the sample Dur-AgNPs -nSiO, B shows a higher silver amount,
according to the results of the EDS analysis on the silica powders.

The XRD patterns of the two coatings Dur-AgNPs-nSiO,-A and Dur-
AgNPs-nSiO2-B were compared with the coating containing only silica
nanospheres without silver (Dur-nSiO) (Fig. 7a). In all the tested sam-
ples, the amorphous structure of Durazane 1800 is recognizable by the
halo between 20 and 30° [58]. While no peaks in the sample Dur-nSiO,
are detected, both the functionalized coatings show the presence of the
characteristic diffraction peaks of Ag’ corresponding to the (111),
(200), and (220) planes of the face-centered cubic (fcc) structure, are
clearly visible, indicating that silver remains in its metallic state after
incorporation [54] and confirming the successfully dispersion of the
silver-decorated silica nanospheres in the polymeric matrix. By exam-
ining the shape of the metallic silver peaks in the Dur-AgNPs-nSiO»-B
sample, it is observed that the peaks are narrower and more intense
according to the results obtained on the AgNPs-nSiO»-A analysis in
Fig. 3. This confirms that the intensity of the composite coating pattern
peaks also increases with a higher concentration of silver [50] according
to the EDS analysis.

FT-IR spectra were collected on the coatings after incorporation of

Table 2

EDS atomic percentage of silicon and silver relative to the coatings Dur-nSiOs,
Dur-AgNPs-nSiO»-A and Dur-AgNPs-nSiO,-B considering areas and particle
(punctual anaylsis). Carbon, oxygen and nitrogen were also detected but are not
reported in the table.

Element Yatomic
Dur-nSiO, Dur-AgNPs-nSiO5-A Dur-AgNPs-nSiO,-B
area area particle area particle
Si 37.3 32.6 34.0 £0.1 58.2 42.1 + 0.6
Ag - 0.2 1.1 + 0.2 0.4 1.65 + 0.4
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the nanosilica into the polysilazane matrix and are reported in Fig. 7b.
All three spectra are essentially identical, indicating that the chemical
signature is dominated by Durazane 1800. Characteristic bands include
C-H stretching at ~ 2956 cm ™", Si-H stretching at ~ 2127 cm™, and
Si-CHj bending at ~ 1253 cm ™! [59]. With the exposure to air hydro-
lysis/condensation of the polysilazane backbone gives rise to a broad
Si-O-Si asymmetric stretching band at ~ 1060 cm ', while the N-H
deformation (~1180 cm™!) and the Si-N-Si modes at ~ 920 and 840
em! disappear, consistent with Si-N to Si—O conversion [60,61].

Because all observed bands correspond to Durazane 1800, the
spectra confirm that the silica nanospheres are completely coated by the
polymeric matrix. This encapsulation is likely facilitated by residual
surface —OH groups on the silica, which could enhance adhesion with
the polysilazane [24].

3.4. Antibacterial efficacy of the Dur- AgNPs-nSiO coatings

The antibacterial properties of the composite coatings were tested as
for the fillers themselves with the inhibition halo test. However, after 24
and 48 h of incubation, no inhibition halo is visible around all the
samples, including those containing silver nanoparticles as shown in
Fig. 8. The results of the test show that the coatings have no antibacterial
efficacy against the bacterium S. epidermidis contrarily to the silver-
functionalized silica nanospheres themselves. This could be related to
the very dense matrix in which the nanospheres have been encapsulated.
In fact, the antibacterial efficacy of AgNPs primarily stems from two
mechanisms: the release of Agt and direct contact with bacterial cells.
Ag™ can disrupt vital cellular processes, while direct contact can lead to
membrane damage and oxidative stress within bacteria [62]. In these
coatings, the dense polysilazane matrix may impede both mechanisms.
FESEM images suggest that AgNPs are embedded within the matrix,
limiting their exposure to the surface. This encapsulation can reduce
direct interactions with bacterial cells, thereby diminishing antibacterial
activity.

Furthermore, the lack of porosity in the coating restricts the diffusion
pathways necessary for Ag" to reach the external environment. Studies
have shown that porous structures facilitate better ion release and
enhance antibacterial performance [63].

3.5. Leaching test in water of the Dur- AgNPs-nSiO, coatings

Silver nanoparticles are known to release silver ions when in contact
with water or, more generally, with aqueous environments [64]. To
better understand the lack of antibacterial activity observed in the in-
hibition halo test, silver ion release from the coatings was evaluated, and
the results are reported in Table 3. After 24 h, the concentration of
released silver ions was found to be below the minimum inhibitory
concentration (MIC) reported in the literature for several bacterial
strains [65]. The release of Ag+ ions from metallic silver nanoparticles is
a surface-driven mechanism [66]; the intrinsic hydrophobic nature of
the Durazane 1800 matrix, resulting from the exposure of -CHs groups,
significantly limits water adsorption and penetration [67]. These
chemical constraints are further compounded by structural factors.

The morphological analysis revealed that the polysilazane matrix
forms a dense, non-porous layer that likely limits contact with the sur-
rounding medium and hinders silver ion diffusion [68]. The low amount
of silver detected is likely attributable to the limited number of nano-
particles partially exposed at the coating surface, with the highest
release observed in the sample that also showed the highest silver con-
tent by EDS analysis.

4. Conclusions
This study aimed to synthesize silver nanoparticles decorated silica

nanospheres and integrate them as a functional filler into the polymeric
matrix of Durazane 1800, with the ultimate goal of enhancing
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Fig. 7. XRD patterns of the coatings Dur-nSiO,, Dur-AgNPs -nSiO,-A, Dur-AgNPs -nSiO»-B (a). ATR-FTIR spectra of the samples Dur-nSiO,, Dur-AgNPs-nSiO, A and
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Fig. 8. Photos of the results of inhibition halo test against S. epidermidis with Dur-AgNPs-nSiO5 A and Dur-AgNPs-nSiO5 B compared with the control Dur-nSiO,,

after (a) 24h and (b) 48h of incubation.

Table 3
Amount of ionic silver released in water during silver leaching
test in 24 h from the coated samples Dur- AgNPs-nSiO, A and B.

Sample Ag" (ppm)
Dur-AgNPs-nSiO»-A 0.016 + 0.009
Dur-AgNPs-nSiO; -B 0.019 + 0.007

antimicrobial efficacy. The successful synthesis of AgNPs-functionalized
silica nanospheres with two different concentrations of silver nano-
particles demonstrated outstanding antibacterial efficacy. Subsequently,
these nanoparticles were incorporated into the polymeric matrix of
Durazane 1800. The homogeneous dispersion of the filler was confirmed
throughout the coating, demonstrating the suitability of nSiO; as a
carrier for the silver in the polysilazane matrix. This represents an initial
phase towards achieving a composite coating with antibacterial attri-
butes. Future research will focus on optimizing the coating design to
increase porosity and improve the surface accessibility of the embedded
silver nanoparticles. Possible strategies include impregnation or surface
functionalization of preceramic or ceramic matrices with Ag-based

species, as recently reported in the literature [69-71] as well as chem-
ical or plasma etching treatments to enhance the exposure and anti-
bacterial efficiency of the silver phase. The incorporation of sacrificial
porogens that can be removed post-deposition also represents a prom-
ising approach to create micro- or nano-scale pathways for ion diffusion
[72]. In addition, thermal treatment could modify the chemical nature
of the polysilazane matrix by decomposing —-CHs groups, thereby
increasing its hydrophilicity and enabling water absorption and subse-
quent silver ion release. The ultimate goal of these efforts is to facilitate
the controlled release of silver ions from the coating surface, thereby
improving the antimicrobial performance of the material without
compromising its structural integrity.

To improve reproducibility and control over film thickness and
morphology, spin-coating deposition methods will be adopted in place
of manual application in subsequent developments.
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