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Abstract: Microbial colonization can lead to various biodeterioration phenomena in outdoor stone
monuments. To prevent these issues and mitigate the negative effects of chemical control, recent
research has focused on encapsulating biocides in nanostructures. We tested the antifouling efficiency
of the new multifunctional coating through in situ experiments performed on the Aurelian Walls
in Rome. We selected two different biocides (2-mercaptobenzothiazole and zosteric sodium salt)
and loaded them into two different silica nanocontainers (nanocapsules and mesoporous particles),
which were dispersed in TEOS coatings. These coatings were applied to four common lithotypes
(marble, travertine, mortar, and brick). Subsequently, we accelerated the colonization by inoculating
microorganisms onto half of the samples, subjecting all samples to aging cycles. We conducted
colorimetric, infrared spectroscopy, and other microscopic analyses to assess their durability and
antimicrobial action. Our 3-year survey indicates that the coatings demonstrated antifoulant efficiency
across all samples, with higher effectiveness observed on brick and mortar compared to travertine
and marble. Among the nanostructures, nanocapsules exhibited greater efficiency than mesoporous
particles, and regarding the biocides, the commercial one outperformed the natural one. These
findings highlighted the potential of such systems in preserving cultural heritage; however, further
research and product development is imperative for practical implementation.

Keywords: Aurelian Walls; natural biocide; nanoencapsulation; biofilm; stone monument; weathering;
coating TEOS; multifunctional coating

1. Introduction

Biodeterioration of monuments in open-air environments is a complex process influ-
enced by atmospheric and edaphic conditions, including potential microorganism occur-
rences [1–7]. In particular, the growth and metabolic activity of algae, cyanobacteria, and
lichens, as well as mosses and higher plants, can lead to various forms of biodeterioration
through biochemical activities and biogeochemical cycles [5,8–15]. Microbial colonization
of stones is regulated by natural parameters such as light and moisture [16–18]. It typically
commences with phototrophic organisms that build up a visible protective biofilm enriched
with inorganic and organic biomass on the nutrient-depleted stone surface [19].

For heritage conservation and biodeterioration management, various control methods,
which are categorized as physical, mechanical, and biochemical approaches, have been
utilized [20–25]. Biocides, among these methods, are more commonly employed to elimi-
nate or prevent the formation of organism biofilms [26–28]. However, biocide application
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cannot have a long-lasting efficiency, and repetitive use may result in microbial resistance,
leading to a resurgence of microbes on treated surfaces [23,29,30]. Moreover, their potential
risks to human health and the environment, as well as substrate interference [31,32], have
prompted a quest for alternative ecofriendly solutions [33–35].

In recent years, extensive research has focused on the development of natural biocides
and innovative materials in controlling the biodeterioration of stone monuments [36–42].
Natural biocides derived from plant extracts or essential oils usually provide an environ-
mentally friendly alternative to traditional chemical biocides, often reducing the impact on
both cultural artifacts and the surrounding environment [34,38,42–48]. Some substances
have been tested for their efficacy against various biodeteriogens, including bacteria, fungi,
cyanobacteria, and algae [49–52].

Furthermore, one technological advancement is the encapsulation of natural biocides
in various nanostructures, such as silica nanoparticles or nanocapsules, for long-lasting relia-
bility and selective activity [53–57]. These nanosystems offer controlled release mechanisms
and provide an ecofriendly and sustainable approach to preserving cultural heritage [54].
They provide controlled delivery systems ensuring a prolonged and targeted release of the
biocidal agents, thereby enhancing their efficiency [58–60]. By employing nanotechnolo-
gies, lower quantities of biocides are required, minimizing their environmental footprint
while maintaining their effectiveness in combating microbial colonization on historical
monuments [54,56,60,61]. This integrated approach not only ensures the preservation
of valuable cultural heritage but also contributes to sustainable practices and long-term
protection [62–64].

In the context of two scientific projects for the conservation of cultural heritage (SUPER-
ARE and GRAL: Progetti Gruppi di Ricerca 2020, Regione Lazio), several laboratory tests
have been conducted. The first step was aimed at defining the synthesis and characterizing
the silica nanosystems, such as nanocapsules (NC) and mesoporous nanoparticles (MNP)
loaded through the encapsulation step with biocides like 2-mercaptobenzothiazole (MBT)
and zosteric sodium salt (ZOS) [55,56]. Later, Bartoli et al. [60], through several in vitro anal-
yses, evaluated the antimicrobial efficiency of two MBT and ZOS biocidal agents loaded in
silica nanosystems, demonstrating their promising antifouling and antimicrobial properties.
All these findings represent a significant step in the development of new ecofriendly and
sustainable technologies for cultural heritage conservation. While in vitro tests provide
controlled laboratory conditions to evaluate the potential efficacy of treatments to prevent
biological colonization, in situ tests are essential for assessing the long-term impact of these
methods in real environmental settings. Therefore, in the context of these projects, the
aim of the present contribution is the performance of in situ tests to evaluate the efficiency
of new multifunctional coatings containing different nanosystems loaded with natural
and commercial biocides. Through a plurennial evaluation of more than 3 years, we will
evaluate their durability over time and antimicrobial long-term effectiveness to prevent the
colonization of biodeteriogens.

2. Materials and Methods
2.1. Biocide, Lithotypes, and Coatings
2.1.1. Biocide and Their Nanocontainers

We selected two different biocides, based on the previous work of Ruggiero et al. [40–42,51],
namely 2-mercaptobenzothiazole (MBT) and zosteric sodium salt (ZOS). ZOS is a natural
antifouling product derived from Zostera marina L. [47,65–69], while MBT is a commercial
biocide widely used in the treatment of cultural heritage [70]. As reported in Ruggiero
et al. [55], we synthesized ZOS from trans-4-hydroxycinnamic and the sulfur trioxide
pyridine complex. Additionally, according to Ruggiero et al. [55,56], we synthesized two
different silica nanocontainers, namely core–shell nanocapsules (NC) and mesoporous
nanoparticles (MNP).
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2.1.2. Lithotypes Selection and Aging

To verify the long-term efficacy of the nanostructured coatings, we selected four
lithotypes commonly found in artworks and monuments: Carrara marble, travertine,
mortar, and brick. All the samples, sized 5 × 5 × 1 cm, were prepared by a specialized
group of restorers (CBC, Rome, Italy). Red-fired bricks (MT) were purchased from a local
company (the CBC Conservazione Beni Culturali, Rome, Italy). Travertine (TR) and Carrara
marble (MR) were purchased directly from quarries in Tivoli and Carrara, respectively. The
lime-based mortar (ML) was prepared by using natural hydraulic lime (NHL 5) provided
by Saint Astier (the CBC Conservazione Beni Culturali, Rome, Italy) and mixed with standard
river sand aggregates (size < 4 mm) in a 1:2 proportion, adding water to achieve good
workability. The mortar mixture was cured for 24 h at room conditions (RH% = 50%, 20 ◦C)
and used for experiments after 28 days [71].

Travertine and Carrara marble samples underwent an accelerated artificial aging
process to increase their porosity and facilitate the coating absorption: two heating cycles
at 600 ◦C and subsequent overnight immersion in water at room temperature, following
the standard set by the American Society for Testing and Materials International [71,72].

2.1.3. Coating Development and Aging

The nanoparticles were dispersed in a coating using tetraethyl orthosilicate (TEOS),
ethanol (Carlo Erba Reagents S.r.l., Cornaredo, Italy), poly (dimethylsiloxane) hydroxyl-
terminated (PDMS-OH, Sigma-Aldrich, St. Louis, MO, USA), and n-octylamine (Sigma-
Aldrich, St. Louis, MO, USA) as a nonionic surfactant, without further purification follow-
ing Normal 43/93 [73]. This process followed the protocol previously outlined by Zuena
et al. [71,74].

To stimulate a potential real application procedure on monuments, the coatings were
applied by a brush until saturation, ensuring the stone surface remained wet for more
than 1 min. For bricks and mortars, a total of 16 brushes were required, while after aging,
4 brushes were needed for travertine and 6 for Carrara marble due to their different porosity
and subsequent absorption rate [71,74]. Approximately one week was necessary for the
coating to solidify through polymerization and water evaporation, during which time the
samples were kept under laboratory conditions (RH% = 50%, 20 ◦C) [71,74].

To verify the durability of the coating (inalterability and chemical resistance), we
conducted artificial aging. Initially, the aging conditions were based on the technical
standards outlined in the American Society for Testing and Materials International ASTM
D4303-10 [75]. We employed artificial UV aging in an ACS climatic chamber equipped
with a 125W Hg UV lamp, emitting 200 W/m2 irradiance and continuous exposure for
360 h (15 days). Throughout our study, we implemented two aging cycles: The first one
simulated the most plausible natural environmental conditions (with a temperature of 30 ◦C
and 50% relative humidity—RH). The second one stimulated more stressful conditions,
approaching the limits of those usually occurring in the natural environment (with a
temperature of 40 ◦C and 60% RH).

To evaluate the changes in the coating after aging, we performed colorimetric analysis
and Fourier transform infrared spectroscopy (FTIR). Colorimetric measurements were
performed according to the procedure described in the European Standard (UNI-EN
15886) [76]; Uni Normal 43/93 [73]. We preliminarily observed and investigated the phys-
ical properties of the 4 selected lithotypes after the application of the different coating
formulations (a total of 90 samples). Following the most used interference tests [32], we
specifically examined whether these products induced alterations in the surface optical
properties that might result in a noticeable color change (measured by ∆E) perceivable
to the human eye, potentially affecting the perception variation in hypothetically treated
artifacts. Colorimetric measurements were carried out on three different points for each
sample, and average values of L*, a*, and b* were obtained for each sample group (un-
treated, coating only, and the two systems of nanosystems with the two tested biocides:
NC-MBT, MNP-MBT, NC-ZOS, and MNP-ZOS). The uncertainty associated with ∆Eaging
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was determined as the standard deviation of the average value concerning the white
reference. In the spectroscopic analyses, a Thermo Scientific Nicolet iS50 FTIR (Thermo
Fisher Scientific, Madison, WI, USA) spectrometer was employed, with two experimental
approaches: attenuated Total Reflectance (ATR) and µ-ATR mode. Spectra were collected
in the 4000–400 cm−1 range with 4 cm−1 nominal resolution, averaging 64 scans for both
sample and background. M-ATR mode was chosen to enhance the sample surface response
while lowering as low as possible the bulk contribution. The measurements were carried
out by using the Thermo Scientific Nicolet Continuum FTIR microscope equipped with
a liquid-nitrogen-cooled mercury–cadmium–telluride (MCT) detector and a germanium
crystal. The spectral range was 4000–650 cm−1 with 8 cm−1 nominal resolution; final
spectra were obtained by averaging 64 scans.

2.2. In Situ Tests

To characterize the biocidal efficacy of coatings in the outdoor environment, we se-
lected the northward-facing section of the Aurelian Walls near Porta San Sebastiano in
Rome as our experimental site (Figure 1a). We tested ten different conditions for each litho-
type, resulting in a total of 40 samples: (8) without any treatment and (32) by combining
the nanosystems (NC and MNP) with the biocide (MBT and ZOS) and with or without a
biological culture (inoculum and no inoculum) (2 nanosystems × 2 biocides × 2 possible
conditions of inoculum × 4 lithotypes) to stress the coating efficiency in fighting the bio-
logical colonization (Table 1). For the inoculum materials, the biological patinas collected
in situ during the experiments were cultivated using a BG-11 and BBM liquid media
(Sigma-Aldrich) at 25 ◦C under natural sunlight conditions, following the methodology
detailed by Bartoli et al. [60]. Additionally, to identify the microorganisms composing the
biological community’s growth in the culture media after its plating on Petri dishes, we
conducted a morphological analysis under an optical microscope, as reported by Bartoli
et al. [60]. Before the outdoor exposure, we inoculated 2 mL of culture on the 20 samples,
waiting for the culture stabilization. After two weeks in February 2020, we exposed all
40 samples in situ on the Aurelian Walls, conducting monthly evaluations for three years
until May 2023.

Table 1. Scheme of composition of the tested samples for each lithotype.

Coating Composition

No Inoculum Inoculum *

Biocide Samples Biocide Samples *

Untreated A Untreated B *

MBT NC MBT NC *

ZOS NC ZOS NC *

MBT MNP MBT MNP *

ZOS MNP ZOS MNP *
The * is related to the inoculum phase.
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Figure 1. Sampling site (a) and colorimetric analysis method (b). MBT: 2-mercaptobenzothiazole,
ZOS: zosteric sodium salt.

2.2.1. Microscopic and Colorimetric Analysis

We monitored monthly the effectiveness of the experimental biocides against col-
onization of the microorganisms using UV/VIS light microscopy techniques. For this
purpose, a Dino-Lite nonpolarized visible-light digital microscope was used to investigate
the samples at 60× and 220× magnifications. We captured four photos of four distinct
parts of tiles under both VIS and UV lights for each sample. Subsequently, a detailed
analysis was carried out using a Hirox digital stereoscope (Hirox RX 100, HIROX EUROPE,
Limonest, France, lens 2500, magnification 1500×, multifocal 3D final image) to identify
the biological colonization developed on the different tiles throughout their exposure to
the environmental conditions.

Then, we performed an image analysis using the Photoshop (PsD6, 2022) program to
quantify the colonization rate and evaluate the effectiveness of different treatments. We
applied the eyedropper functionality within the software, which corresponds to the L*, a*,
and b* color values according to the methodology outlined by Bartoli et al. [77] (Figure 1b).
For each optical image, we selected 10 random test areas mounting to 40 test areas for
each individual tile under investigation. We set the eyedropper sampler at an average
of 51 × 51 pixels to cover an area of approximately 2601 pixels for each measurement,
ensuring comprehensive coverage across the samples.
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Along with lightness measurements (L*), based on colorimetric variations to darkening
of the surfaces due to light exposure, to evaluate the biological colonization for each tile, we
calculated the variation of ∆L2023–2020 as a function of the experiment time. Moreover, we
calculated ∆L2020

Treated-noTreated and ∆L2023
Treated-noTreated to derive the difference between

the samples with a multifunctional coating (treated) and those without any treatment
(untreated) during the exposure time (∆L2023–2020

Treated-noTreated).

2.2.2. Microclimate Evaluation

The microclimate of the sampling site was evaluated using an environmental monitor-
ing system (EMS) specifically designed for this project. The system was solar-powered and
capable of internet connectivity for remote monitoring. The EMS was based on an Arduino
UNO Rev.3 microcontroller due to its ease of power supply, low power consumption,
sufficient pin availability, and compatibility with sensors used in the setup. Temperature
and relative humidity (RH) were continuously monitored via an FS200-SHT20 i2C sensor
having high repeatability (±0.1% on both RH and T, according to the manufacturer). The
internet connection was assured via a dedicated SIM card, and the ThingSpeak platform
(https://thingspeak.com) was employed for data storage, visualization, and manipulation,
offering customizable displays, geolocation features, and system status updates. Data were
collected from July 2021 to October 2023.

3. Results
3.1. Coating Tests
3.1.1. Comparison between Pretreating and After-Treating Samples

Figure 2 shows the ∆ETreatment calculated on the difference between the group values of
L*, a*, and b* for each treatment (i.e., different coating applications) and the untreated ones.
∆ETreatment is expected to be below the threshold value for eye sensitivity (∆EThreshold = 4).
Dissimilarities in the infrared spectra among the different formulations of the coating are
not expected.
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Figure 2a–c show that for mortar, brick, and Carrara marble, none of the treatments
demonstrated a color change perceptible to the human eye (Student’s t-test probabilities
greater than the critical value of 0.05 for these lithotypes). For all these materials, the
recorded values are mostly below ∆ETratment = 4, even considering uncertainty intervals,
indicating minimal color variations. Notably, mortars exhibited the most substantial
average variation. Conversely, travertine showed wide variations with an average value
∆ETratment = 15 ± 2 (Figure 2d) that can be mostly explained by the difference in ∆L*
(∆L*/∆ETreatment > 0.99% for all treatments carried out for this material). Because of the
natural, random variability of the variety of stones used in this study, there is a color
difference between pristine samples used for the untreated group and those used for the
treated group.

3.1.2. Comparison between Pre-Aging and After-Aging Samples

The colorimetric measurements and spectroscopic comparisons between unaged and
aged specimens demonstrated good durability and stability of the coatings applied. No
statistically significant color differences were found for any of the investigated materials
(Figure 3a).
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Figure 3. (a) Color variation in coating-only-treated samples for the 4 lithotypes after the first
aging cycle; (b) color variation in coating-only-treated samples for the 4 lithotypes after the second
aging cycle; * = student’s t p < 0.05. PRE stands for pretreatment samples, and POST stands for
post-treatment samples.

Figure 3b shows a comparison between pre-aging and post-aging ∆E values for the
four lithotypes following the second accelerated aging cycle (values are referred to as the
white standard). In this instance, the first small but significant color variations, albeit
minimal, were observed for the mortar and Carrara marble samples. In both cases, the
difference was attributed to a slight increase in the b* values, indicating a yellowing effect
in these materials.

Unlike the previous aging cycle, µ-ATR analyses were performed on the Carrara
marble samples to further investigate this evidence. The analyses confirmed a general
overlap between the pre-aging and post-aging spectra for all materials, as depicted in
Figure 3b. Therefore, the color variation must be attributed to a component present below
the detection limit of the technique.

3.2. In Situ Tests
3.2.1. Microclimate

The microclimatic data logger, installed to monitor the temperature and the relative
humidity conditions, showed the maximum temperatures (25–30 ◦C) during the summer
(from May to September) and the lowest temperatures (5–14 ◦C) during winter (from
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December to March) (Figure 4) The relative humidity data reflects a humid condition with
a variance between 40% RH in the hot months to 90% RH in the cold months.
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3.2.2. Biocidal Efficiency

The macroscopic and microscopic monitoring of the samples over time revealed
significant differences. When assessing color changes associated with the colonization
rate, we observed the emergence of black spots on the surfaces at times. In some cases,
especially for the non-inoculated samples, minimal colonization resulted in color variation
below the threshold of human eye sensitivity. Conversely, the acceleration induced on
the inoculated samples highlighted the efficiency rate of the coatings, resulting in a color
variation that exceeded the threshold of human eye sensitivity. Indeed, the variation of ∆E
became noticeable to the human eye when samples that initially appeared green, due to
the inoculation of communities mainly composed of algae and cyanobacteria (Figure 5a),
transitioned to colonization mainly by black meristematic fungi (Figure 5b), which form
black spot visible on the stone surface.

Moreover, during the inoculum, we observed varying degrees of waterproofing among
the different coatings (Figure 6c), showing a decreasing trend from mortar and brick to
marble and travertine.

The variation in lightness (∆L2023–2020) of the not-inoculated samples remained mini-
mal for the untreated samples (A) across all lithotypes and for the main treated samples
(Figure 5a), with values below the unit. Only samples of Carrara marble and travertine
showed a higher ∆L, demonstrating a certain colonization rate (Figure S1).

The comparison of ∆L2023–2020
Treated-noTreated at the end of the testing period revealed

a partial progression of colonization in the case of Carrara marble and travertine samples,
showing slight differences among the testing conditions (biocides and nanosystems). In
both lithotypes, we noted a higher efficiency of the commercial biocide (MBT) compared
to the natural one (ZOS) under the testing conditions. For the nanosystems, the efficiency
varied based on lithotypes and biocides (Figure 6b). However, the multifunctional coating
on mortar and brick did not display a clear efficiency rate, probably due to the low colo-
nization trend for an accurate quantitative evaluation. The ∆L was influenced by the high
heterogeneity of the surface (Figure S2).
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Figure 5. Inoculum phase. (a) Collection of biological samples in situ, culture by plating and optical
microscopic observation to morphological identification of green algae and cyanobacteria; (b) 3D
image of final colonization on all samples by Hirox stereoscope due to meristematic fungi; (c) lithotype
and coating behavior during inoculum application. MBT (2-mercaptobenzothiazole), ZOS (zosteric
sodium salt), ML (Mortar), MR (Carrara Marble), MT (Brick), TRI (Travertine), B* (Untreated),
NC* (core–shell nanocapsules), and MNP* (mesoporous nanoparticles). The * is related to the
inoculum phase.
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Figure 6. Lightness variation as a function of time (∆L2023–2020) and ∆L rate between treated and
nontreated samples (∆L2023–2020

Treated-noTreated), respectively, for non-inoculated (a,b) and inoculated
(c,d) samples. The * is related to the inoculum phase.

The darkening (∆L*2023–2020) of all untreated substrates was evident (Figure 6c). Par-
ticularly, for Carrara marble and travertine, the darkening rate in the untreated samples
was notable, as well as the brightening rate in the treated samples. For mortar and bricks,
the observation was less distinct but still discernible in certain instances.

When evaluating the lightness variation between treated and untreated samples
(∆L2023–2020

Treated-noTreated), the supplementary inoculum application revealed a higher
visible efficiency of the treatment for Carrara marble and travertine, while a lower efficiency
was observed for mortar and brick (Figure 6d).

4. Discussion

In this study, we conducted in situ experiments to test several variables aiming to
evaluate the efficiency of different multifunctional coatings.

The comparison among the various coatings within the same lithotype group con-
firmed that the coatings had a similar impact on color, resulting in an overall low impact
on the perception of the human eye. This effect resulted not only from the efficacy of the
nanoscaled particle dispersion in preventing light scattering but also from the overall low
viscosity achieved by the products [78]. This characteristic facilitated the application of ex-
tremely thin, nonfilm-forming coatings capable of penetrating the porosity of the materials
(which were significantly present in all samples except for Carrara marble) [71,74,79].

All coatings showed similar behavior, suggesting that the different particles and their
contents did not significantly contribute to any chromatic interference at that stage, which is
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consistent with previous data [74,80,81]. Previous results have demonstrated that following
treatment, all surfaces acquired waterproof properties, resulting in a substantial reduction in
the capillary water absorption coefficient. In addition, the natural water vapor transmission
rate behavior of the stones was not significantly affected. The coatings appeared uniformly
distributed on the stone surfaces and did not cause optical variations visible to the naked
eye. Furthermore, the presence of TiO2 nanoparticles and silica nanocontainers did not alter
the optical appearance of the stones. Optical surface roughness (OSR) and SEM analyses
revealed no changes in roughness and confirmed that all coatings were homogenous and
free from cracks. SEM–EDS analysis showed a homogenous distribution of both Ti and Si
on the surface of all treated stones. The cross-sections verified that the coatings remained
at the surfaces, serving a protective function [71,74].

The aging test did not show statistically significant color differences for any of the
investigated materials. Only after the second accelerated aging cycle was a significant
variation detected, demonstrating good durability and stability of the coating. A possible
hypothesis for the observed yellowing of the material after the aging phase could be the
oxidation of iron impurities present in the specific quality of marble used in this study,
possibly favored by the combined presence of high humidity and UV radiation [82,83].
Moreover, variations in mineral composition and surface characteristics within different
types of marble and travertine can also influence the appearance of coatings. Some varieties
might exhibit slight color alterations or differences in glossiness upon coating application,
although these variations are often less prominent than those observed on more porous
surfaces like mortar [71,72]. The concentration of these mineral impurities might reasonably
be below the detection limit of the technique and, therefore, undetectable. This hypothesis
also applies to the mortar samples, as the sand might contain iron-releasing minerals.

The aging conditions were designed to stimulate possible natural conditions in the
outdoor environment, as confirmed by microclimatic data. The temperature and relative
humidity values employed for the first accelerated aging cycle in the climatic chamber
correspond to those observed during the monitored experiment period. For the second
aging cycle, the temperature of 40 ◦C significantly exceeds the highest recorded value in
the hottest month (August), while the choice of a higher relative humidity value, even
though it typically decreases during the same period, serves as an intentional stressing
factor. Then, our results provide predictive insights into the potential long-term durability
of these coatings based on the stressed conditions applied during the aging cycles.

Additionally, the microclimatic data highlighted the favorable conditions for biological
growth. Extensive evidence demonstrated that the initial stone colonization by microorgan-
isms, especially cyanobacteria and green algae, is promoted by environmental conditions,
notably water availability [14,84–88]. Similarly, prior studies into the new multifunctional
coating have indicated a reduction in its efficiency under highly humid conditions [55,71,74].
In this work, we intentionally highly stressed the new silica nanosystems to assess their
efficiency, choosing a site with a high humidity level and creating conditions that favor the
growth of biodeteriogens.

Moreover, the capillary water absorption coefficient (CWAC) of tested lithotypes,
closely related to their porosity, stands as a significant factor influencing microbial colo-
nization [15,17,88,89]. Generally, mortar and travertine tend to have higher porosity and
capillary water absorption coefficients compared to Carrara marble and brick, making
them more susceptible to microbial colonization. In our study, brick and mortar exhibited
a reduction in CWAC by over 95% following the coating application. In contrast, aged
travertine and Carrara marble tiles displayed a lower reduction. This disparity could
be attributed to the size ratio between nanoparticles and stone porosity. This disparity
could be attributed to the size ratio between nanoparticles and stone porosity [71,74]. In
fact, previous studies have indicated that nanoparticle presence enhances stone hydro-
repellence, with a significant reduction in the water absorption rate in materials treated
with TEOS-based coating, particularly evident in mortar and brick [71,74,90,91]. However,
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the varying efficacy of antimicrobial coatings across these materials, due to their inherent
porosity, poses challenges in achieving consistency and comprehensive protection.

A previous multitemporal study investigating the dynamics of recolonization by
cyanobacterial populations on travertine in the Tiber River embankments [77] demonstrated
that within the initial 3 years, no evident visual changes were observed. However, in the
subsequent 1–2 years, a complete regrowth was detected. In this way, to simulate such
recolonization phenomena within our experimental period, we induced the inoculum phase.
This phase stressed the coating systems and highlighted their effectiveness in reducing
the colonization process in all the tested lithotypes. Moreover, in outdoor artworks, the
natural stone recolonization presents a certain variability, even within similar exposure
and inclination of test areas, due to the difference in stone porosity and subsequent rainfall
quantities [7,77,92]. For instance, the Tiber River embankments in Rome, constructed using
similar travertine sourced from the Tivoli quarry [5,77], highlighted the significance of
porosity in fostering microbial colonization. This relevance primarily stems from differential
water absorption and retention due to varying porosity levels.

The relevant influence of water input in conditioning biological colonization was
widely observed [93,94]. Usually, water content seems to be the primary conditioning
factor among microclimatic factors influencing biological colonization; indeed, sites that
are protected from rainfall, as well as incident water input or percolation, are free from
biological colonization or exhibit minimal biological, even when other environmental
conditions are favorable [93–96]. Consequently, water emerges as a limiting factor that
governs the presence of mixed communities, aligning with Liebig and Shelford’s ecological
principles [97].

Then, the lower CWAC reduction observed in aged travertine and Carrara marble in-
dicates a higher water availability, resulting in a greater colonization rate compared to brick
and mortar. Consequently, changes in water input linked to the preservation treatments
can create preferential growth conditions for specific species within the community [95,96].
This change might explain the dominance of meristematic fungi over the photosynthetic
microorganisms, typically dominant in inoculated communities and generally found in the
biopatinas on the Aurelian Walls, possibly due to the waterproofing effect of the applied
coating. While the commercial biocide (MBT) exhibited superior efficacy compared to
the natural biocide (ZOS), it is noteworthy that the ZOS also demonstrated a significant
level of effectiveness. Previous studies have highlighted its potential when encapsulated
within silica nanocapsules for controlled release in antifouling coatings [55]. Moreover,
research by [47,66,67,69,98] identified Zostera detritus as a possible source of zosteric acid,
the active component of this biocide. Further reinforcing its effectiveness [99] confirmed
ZOS’s capability to reduce bacterial attachment on coatings, suggesting its prowess as an
antifoulant. These collective findings underscore the considerable potential of zosteric
sodium salt as a natural and efficacious biocide. Despite its initial lower efficacy compared
to MBT, the inherent potential of ZOS suggests the viability of optimizing its effectiveness
by increasing its concentration within nanosystem formulations. Furthermore, the use
of nanoencapsulation allows such a low quantity of biocide that even the utilization of
commercial biocides could still be considered, minimizing their environmental toxicity.
However, despite these promising initial results for this new formulation, it is important
to note that longer-term studies would be necessary to simulate natural colonization on
various lithotypes, demonstrating prolonged, slow-term control.

5. Conclusions

Silica nanosystems offer a promising technology for preserving cultural heritage due
to their long-lasting reliability, enabling the controlled release of biocides and an ecofriendly
approach. This nanotechnology reduces the quantity of biocides while enhancing the treat-
ment effectiveness in preventing colonization. Indeed, our preliminary in situ experiments
suggest that this treatment holds promise for preventive action on the colonization of stone
monuments by biodeteriogens.
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Our research demonstrates that the selected commercial biocide exhibits greater effi-
ciency than the natural biocide, while the nanosystem minimizes its environmental impact,
maintaining effectiveness through controlled release mechanisms. Furthermore, efficiency
appears to be related to the lithotype, with nanocapsules showing greater effectiveness
than mesoporous particles. However, our experiment, spanning 3 years of exposure, has
limitations in assessing the long-term effectiveness and stability of these products. The in-
oculation phase and artificial aging of specimens imposed constraints; although promising,
longer-term analysis on naturally aged stones is crucial for a more realistic comparison
and control. Further research is necessary to identify the most efficient combination of
biocide-nanosystems, pivotal for their effectiveness due to the release mechanisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings14020163/s1, Figure S1: Optical image of Dino-lite
digital microscope for each non-inoculated tile in 2020 and 2023; Figure S2: Optical image of Dino-lite
digital microscope for each inoculated tile in 2020 and 2023.
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