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Abstract - Nanotechnology, specifically
nanocompounds, shows promise due to their potential
to reduce biocide quantities, operational times, and
restoration costs. This study investigates the
biodeterioration of stone materials and explores green,
eco-sustainable alternatives to traditional biocides. In
the context of the SUPERARE and GRAL projects, we
assessed the long-term efficacy of two biocides, 2-
mercaptobenzothiazole (MBT) and zosteric sodium
salt (ZOS), applied via silica-nanosystems on various
lithotypes. After three years, results reveal minimal
recolonization by fungal and non-photosynthetic
organisms, with MBT proving more effective than
Z0S. Further analysis will determine if colonizing
microorganisms cause physical or chemical damage.
This research highlights the potential of green
nanotechnology in stone conservation.

I.  INTRODUCTION

The phenomenon of biodeterioration of stone materials
is particularly relevant when the environmental conditions,
the supply of nutrients, and the edaphic conditions
(bioreceptivity) favor biological growth [1-3]. Different
treatment methods, such as UV, laser cleaning,
microwaves, and heat shock treatments (HSTs) [4-7], as
well as several biocidal substances have been used in
combination with prevention strategies.

Considering the risk to human health and the
environment, the use of traditional biocides to reduce
biodeterioration phenomena is increasingly discouraged
and, in the current national and international context,
research for the conservation of cultural heritage is mainly
focused to identify techniques that are as "green and eco-
sustainable" as possible. The use of natural active
compounds coupled to this nanotechnology seems a good
way to pursue an eco-friendly, sustainable, and safe
approach for the conservation of cultural heritage,

reducing the amount of the bioactive compound and
obtaining a satisfactory, long-lasting, antifouling action [8-
10]. The literature reports the synthesis of different
nanocontainers and loading techniques [10,11]. However,
nanosystems based on mesoporous silica materials,
applied in a multifunctional coating, as a controlled release
biocide system over time, are reported only in a few cases
[11-12]. In previous works, two different silica-based
nanocontainers (Ns), namely a core-shell nanocapsule
(NC) and a mesoporous nanoparticle (MNP), have been
synthesized and characterized [13-14]. Previous
preliminary in vitro cultures exposed to the nanopar- ticles
showed a high antifouling activity associated with a slight
biocidal activity against photosynthesizing
microorganisms [12]. However, the efficiency of these Ns
in the release control of the engaged biocides and the
improvement of biocide efficiency, allowing a reduction in
the quantities of biocide required, have not been
sufficiently addressed.

In addition to the selection of non-hazardous biocides for
humans and the environment, we are focusing on the
development of nanotechnologies, since the application of
a "nanocompound" would allow shorter operating times as
well as greatly reduced quantities of biocides, with the
obvious advantage for the environment and the health of
operators. At the same time, these technologies would also
make it possible to reduce the costs of restoration
operations thanks to prolonged control over time.

The search for multifunctional products, therefore,
represents an innovative approach capable of making
significant improvements to restoration techniques. The
present work, developed within the SUPERARE (SUPER
- particelle per Rivestimenti Autopulenti e Antivegetativi a
Rilascio 1Ento) and then GRAL (GReen And Long-lasting
stone conservation products) projects granted by the Lazio
Region within the 2020 Research Groups Project, dealt
with the problem of biological colonization of the Aurelian
walls by testing in situ the efficacy of two biocides: (2-
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mercaptobenzothiazole (MBT) and sodium zosterate
(ZOS) applied through silica-nanosystems for the
controlled release of these substances and in lower
concentrations than with traditional methods. In particular,
the main goal here was to verify the long-term
effectiveness of the already-developed coating.

II. MATERIAL AND METHODS

At first, to verify the long-term effectiveness of
nanostructured coatings, we selected four lithotypes:
Carrara marble, travertine, mortar, and brick. The relative
specimens (size 5x5x1 cm) were subjected to aging
consisting of two cycles of heating at 600 °C and a bath in
distilled water for 24 hours, with the aim of increasing their
porosity. Then, we selected two different biocides, namely
2-mercaptobenzothiazole (MBT) and zosteric sodium salt
(ZOS), previously tested [8].

The MBT is a well-known biocide used in the
conservation of cultural heritage as an antifungal and, in
general, anticryptogamical compound [7,15]. Zosteric
sodium salt (ZS) is a natural product antifoulant (NPA),
which is less studied, but a promising product in this
context. Zosteric acid and its sodium salt are produced and
released by Zostera marina L., which is a wide-ranging
marine flowering plant in the Northern Hemisphere, and
its antifouling capability is related to the sulfate group
present in the chemical structure [8,16].

According to Ruggiero [11], we synthesized two
different silica nanocontainers, namely core-shell
nanocapsules (NC) and mesoporous nanoparticles (MNP)
(Figure 1). Briefly, to synthesize the silica nanocapsules
(NC), the following compounds were adopted: water,
cetyltrimethylammonium bromide (CTAB, Aldrich, Italy)
as a cationic surfactant, ammonia solution (NH3aq 30%,
Aldrich) as a basic catalyst, tetracthoxysilane (TEOS,
Aldrich) as a silica precursor, and diethyl ether (Et20,
Aldrich) as a cosolvent. All the chemicals were analytical
grade and were used without further purification [8].

Silica nanocapsules

(Si_NC)

Mesoporous silica

nanoparticles
(Si_MNP)

Fig. 1. Morphology of silica nanosystems at SEM
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These nanoparticles were dispersed in a coating,
prepared following [17] and [14] by using 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 non-ionic
surfactant, without any further purification [18].

To characterize the biocidal efficacy of coatings, we
collected biological patinas in the area of the Aurelian
Walls near Porta San Sebastiano, and samples, which were
cultivated using a BG-11 liquid media (Sigma—Aldrich) at
25°C in a BG-11 liquid media (Sigma—Aldrich) at 25°C in
conditions of natural sunlight, as previously reported [8].
Then, we proceeded with the identification of the patina
constituents on a morphological basis with an optical
microscope and molecular techniques.
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Fig. 2. North exposure of Aurelian Walls near Porta San
Sebastiano, and in situ test placement.

To perform the in-situ evaluation, for each lithotype we
prepared tiles with the two biocides [and the two
nanosystems (NC and MNP)], and one control without
coating application. At this stage, we Afterward, dispersed
the loaded nanodevices in a multifunctional TEOS-based
coating also containing TiO2 nanoparticles as
photocatalytic agents [11]. Considering the previous
results of Bartoli [19], which assessed that a significant
recolonization starts from the third year after the
applications, an acceleration of the natural colonization
was performed. For such aim, we inoculated the mixed
culture of microorganisms previously collected and after
one week from the inoculum, we exposed the tiles near
Porta San Sebastiano, on a North exposure of the Aurelian
Walls (Figure 2).



Then, we monitored the progress of the colonization,
starting from February 2019 to June 2023. To highlight
chromatic changes in the surfaces, and thus explain the
timing of recolonization, we collected images using a field
microscope in visible and UV light, and we carried out
colorimetric measurements. In parallel, to our in-situ
analysis, the analysis of fisico-chemical properties of the
treated materials are also investigated, and will be
discussed in another paper.

III.  RESULTS AND DISCUSSION

The in-progress research adds new data on the efficacy
over time of synthesized coatings based on TiO2 and two
different silica nanodevices, encapsulating a commercial
biocide (2-mercaptobenzothiaole, MBT) and a natural
antifoulant product (zosteric sodium salt, ZS) [18,14]. In
the biofilms that develop on the surfaces of the materials,
a dominance of photosynthetic microorganisms has been
detected, including green algae and cyanobacteria, and in
particular, Chlorococcum sp. and Leptolyngbya sp.,
associated with a modest presence of meristematic fungi.
Molecular characterization is in progress. After more than
3 years from the exposure of the treated specimens (started
in the SUPERARE project) only a slow and minimal
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recolonization by fungal organisms and other non-
photosynthetic heterotrophic organi sms can be observed,
which suggests a functionality of the coating loaded with
the tested biocides towards photosynthetic organisms.
Currently, a different degree of colonization is also
observed between the different stone materials and the

different systems/biocides. To date, the mortar and brick
substrates responded better to the application of the
coating and, among the two biocides, MBT results are
more efficient than the zosterate sodium (Figure 3).

These results confirm earlier research indicating that the
ZS in the pure substance lacked significant biological
activity against algal cells at the tested concentrations [8].
However, uploading it in nanosystem have a certain
biological efficiency by inhibiting microorganism
adhesion and interfering with their interaction with
surfaces rather than directly killing them [20,21]. Indeed,
an improvement in the quantity of zosterate in the
nanosystem can give better results for the second eco-
friendly biocide.

Moreover, the different efficiency observed between the
NC and MNP systems highlights that the second
demonstrates higher efficiency. This distinction appears to
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be linked to the nanocontainers' structural characteristics
[8, 11]. Notably, the self-assembly method employed for
these two nanosystems differs; the mesoporous system
features hexagonally packed cylindrical mesopores, while
the nanocapsule boasts a core-shell structure. These
differing structures seem to elucidate why, within the short
term, MNP exhibited greater efficiency compared to NC,
as the biocide compounds appeared to be less trapped and
were released more quickly [8,11].

Analysis of the possible biodeteriogenic action of
colonizing microorganisms is underway to determine
whether, in addition to causing a visible blackening of the
surface, they are also causing physical or chemical damage
to the stone materials.

IV. CONCLUSION

We believe that research in this area is useful and very
promising, even if the data obtained are still preliminary.
To advance our understanding, it is crucial to conduct
more detailed investigations into the following aspects: the
ability of the coatings to withstand heat, how effectively
biocides are loaded into and released from the
nanocapsules, and the long-term stability of these
materials.
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