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SCIENCE MEETS RESTORERS: CATMAT LAB & UNISVE 

Before getting into the details of my PhD work, I would like to tell you how this project was 

born thanks to the collaboration with the restoration company Uni.S.Ve. 

Uni.S.Ve. Srl, Unione Stuccatori Veneziani, is a restoration company based in Venice, Italy, 

renowned for its commitment to preserving the city’s rich architectural and artistic heritage. 

Founded in 2001 by master artisans and architects dedicated to safeguarding traditional 

Venetian techniques, the company specializes in the restoration and conservation of historic 

surfaces and in the creation of interior decorations inspired by the Venetian tradition. 

Their expertise encompasses a wide range of artisanal practices, including plaster work, fresco 

restoration, marble plaster, gilding, and trompe l'œil. By combining historical methods with 

modern diagnostic tools, Uni.S.Ve. ensures the integrity and longevity of both architectural 

landmarks and private properties. The company’s contributions to Venetian cultural heritage 

are amplified by its collaboration with academic institutions, fostering research, innovation, and 

the transmission of traditional craftsmanship. 

Among its various collaborations, Uni.S.Ve. co-founded my PhD scholarship in partnership 

with the CATMAT research group, of the Department of Molecular Sciences and Nanosystems, 

at Ca’ Foscari University of Venice as part of the doctoral scholarship of the Italian National 

Operational Program (PON) Research and Innovation 2014-2020, funded by REACT-EU ESF 

resources, action IV.4 "Doctorates and research contracts on innovation topics" and action IV.5 

"Doctorates on Green topics". This PhD scholarship included, indeed, a six-month period 

working for the co-founder company, as well as six months of research abroad, which were 

carried out at the Instituto Universitario de Restauración del Patrimonio of the Universitat 

Politècnica de València, in Spain. 

Thanks to the collaboration with Uni.S.Ve., I had the opportunity to observe firsthand the work 

of the restoration company, collaborating side-by-side with their expert personnel in the 

restoration sites, villas, museums, artisan laboratory, and administrative office (Figure 1). 

Thanks to this collaboration, it was possible not only to interview the restorers about their work 

but also to experience firsthand the challenges faced during a restoration intervention and learn-

by-doing about the problematics of this sector, especially trying to have a lower impact on the 

environment, that needs more and more precautions. 
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Indeed, the field of restoration faces the dual challenge of preserving cultural heritage while 

addressing contemporary environmental concerns. The integration of green and innovative 

technologies into restoration practices represents a critical step towards sustainable 

conservation. By reducing the environmental footprint of restoration activities, such 

technologies ensure the longevity of heritage assets, while aligning with global efforts to 

mitigate climate change. 

A multidisciplinary approach is thus essential to achieve this balance. Collaboration between 

material scientists, conservation specialists, architects, restorers, chemists, and environmental 

engineers enables the development of cutting-edge solutions tailored to the specific needs of 

each project. From eco-friendly methods and bio-based materials to advanced diagnostic tools 

and energy-efficient techniques, such innovations provide a harmonious fusion of tradition and 

modernity. The adoption of green technologies in restoration extends beyond environmental 

benefits: it fosters a deeper understanding of historical materials, encourages the revitalization 

of traditional craftsmanship, and strengthens the connection between cultural heritage and 

contemporary society. The degradation phenomena threatening our cultural heritage in recent 

decades are indeed closely linked to environmental changes, which have profoundly 

transformed our habits and adversely impacted our health. 

 

 
Figure 1: Photos by Joan Porcel Studio© of restoration interventions I participated in, carried out by 

Uni.S.Ve. Srl at the Scuola Dàlmata dei Santi Giorgio e Trifone  and Museo Correr in Venice, Italy  
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1. STONE MATERIALS AND THEIR DEGRADATION 

Stone materials are crucial elements of cultural heritage and architectural monuments, offering 

a tangible connection to history and human creativity. They have played a key role in the 

evolution of artistic expressions, thanks to their durability, versatility, and aesthetic, making 

them an ideal material to express various forms of art, from sculpture to architectural 

ornamentation [1]. Stone materials such as marble, granite, and limestone have historically been 

appreciated for their workability and capacity to capture intricate details, as shown in 

masterpieces from Antiquity till modern times (Figure 1) [2]. 

   
(a) (b) (c) 

Figure 1: Photos of examples where stone materials were employed for their artistic purposes – (a) detail of 

composite marble pavement in St. Mark's Basilica (12th century), Venice, Italy – (b) detail of marble mosaic wall 

of Sheikh Zayed Grand Mosque (20th century), Abu Dhabi, United Arab Emirates – (c) detailed of intricated carved 

black basalt column of Ramappa Temple (13th century), Palampet, Telangana, India. 
 

In modern architecture, the role of stone has evolved with the introduction of concrete and 

composite materials. While traditional stone continues to inspire architects for its timeless 

beauty and strength, contemporary designs often incorporate it in combination with 

cementitious materials [3–6]. This integration is particularly evident in facades, decorative 

claddings, and hybrid structures, where stone's natural appeal complements the versatility of 

reinforced concrete. Moreover, engineered stone products, such as agglomerates and thin stone 

veneers, have expanded the possibilities for lightweight applications, energy efficiency, and 

sustainable design in modern construction.  

Despite their historical or modern applications, stone materials are highly susceptible to 

degradation phenomena influenced by a variety of factors [7]. Environmental conditions, such 
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as temperature variations, humidity, and air pollution, can lead to processes like freeze-thaw 

cycles, salt crystallization, and acid rain erosion, especially in the last decades as it has been 

well established by the scientific community [8–10].  

Degradation phenomena were thus categorized into four categories based on the main origin of 

the phenomenon, which might be physical, chemical, biological, or anthropogenic; it is 

however important to emphasize that, in most cases, degradation is influenced by multiple 

factors (Figure 2). 

    
Physical Chemical Biological Anthropogenic 

Figure 2: Photos of degradation phenomena attributed to the four different categories based on the origins of the 

degradation (physical, chemical, biological, and anthropogenic). 
 

Physical degradation includes mechanical weathering, such as abrasion, cracking, and thermal 

expansion, often caused by environmental factors like temperature fluctuations and moisture. 

Chemical degradation involves reactions between the stone's mineral composition and external 

environmental agents, such as acid rain, salts, or pollutants, leading to processes like 

dissolution, efflorescence, or corrosion. Both forms of degradation threaten the integrity of 

cultural heritage, requiring careful preservation and conservation efforts [11,12]. Biological 

agents, including lichens, algae, and bacteria, contribute to biodeterioration by producing 

organic acids that interact with the stone’s surface. Biodeterioration concerns the weakening of 

surfaces due to the activity of microorganisms, such as fungi or bacteria. These organisms can 

settle on the porous structure of stone, causing chemical and physical changes that weaken the 

material. Over time, this biological activity leads to disintegration, discoloration, and loss of 

structural integrity, posing significant challenges to the conservation of heritage sites [13–15]. 

Finally, the last category concerns the anthropogenic impacts on the material; graffiti and other 
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vandalic attacks on stone materials, as well as improper conservation practices, can aggravate 

the conservation state of stone structures leading to deterioration. 

It is thus possible to state that stone materials, even if they might be more resistant than other 

artistic materials, can still suffer from different degradation phenomena and it is thus important 

to protect them. For example, marble and limestone, being composed primarily of calcium 

carbonate, are particularly vulnerable to acid rain, which dissolves the mineral matrix and 

results in surface pitting and loss of detail [16]. Granite, while more resistant, can suffer from 

mechanical stress and bio-colonization in humid environments [17]. Effective mitigation 

strategies include preventive conservation measures, such as controlling environmental 

exposure, employing protective coatings, and using compatible restoration materials to 

minimize further damage [18,19]. 

Biodeterioration of stone materials 
Biodeterioration, in particular, is one of the most degradation processes, it is predominantly 

driven by microbial colonization and activity and it not only threatens the aesthetic and 

historical value of stone but also diminishes its structural stability, posing significant challenges 

to conservation efforts [20–22]. Effective preservation strategies must address both the 

biological agents and the conditions that promote their growth. Among the diverse microbial 

communities contributing to this phenomenon, fungi play a particularly destructive role, 

initiating complex biochemical and mechanical interactions with stone substrates [23]. 

Fungi thrive in diverse environmental conditions, making them effective colonizers of stone 

surfaces [24]. Airborne vegetative structures, including spores, conidia, and hyphal fragments, 

can readily settle on stone materials (Figure 3).  

 
Figure 3: Main component and glossary of different fungal structure 
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Factors such as surface porosity, the presence of organic residues, and environmental conditions 

(e.g., moisture, temperature, light, and air pollutants) can further enhance the bio-receptivity of 

stone surfaces [25–27]. Once established, fungal communities engage in processes that lead to 

both chemical and physical deterioration. 

Fungal biodeterioration occurs through two main mechanisms: first, their capacity to prosper 

in environments with even low water content, allowing them to colonize diverse materials; and 

second the production and secretion of metabolic by-products, such as pigments, organic and 

inorganic acids, enzymes, and extracellular substances. These substances can alter the chemical 

and physical properties of materials, leading to processes of biocorrosion and penetration into 

artwork substrate [28–30]. Consequently, fungi are capable of colonizing, degrading, and 

transforming a wide range of materials used in monuments, artifacts, and items conserved in 

archives, museums, and historic buildings [31,32]. 

Environmental conditions play a crucial role in accelerating fungal colonization and 

biodeterioration. High humidity levels, temperature fluctuations, air pollution, and surface 

deposits such as dust and organic matter, all contribute to generate favorable conditions for 

fungal growth [33,34]. Furthermore, indoor environments, such as museums or storage 

facilities, are not exempt from biodeterioration risks: poor ventilation, localized moisture, and 

temperature instability can create microenvironments fertile for fungal colonization [35,36]. 

From a chemical point of view, some fungi can also secrete acidic metabolites, such as organic 

acids (oxalic, citric, and gluconic acids), that can react with the stone mineral composition. 

These reactions result in mineral dissolution, the formation of secondary by-products, and 

alterations in the stone's chemical composition. Enzymes produced by fungi further contribute 

to the degradation of the surface, easing deeper colonization. These biochemical interactions 

clearly weaken the stone’s integrity and accelerate long-term deterioration [37–39]. 

Furthermore, fungi can interact with the substrate, inducing also physical damage: as fungal 

mycelia expand, they infiltrate microcracks and pores within the stone, exerting mechanical 

pressure. Over time, this pressure exacerbates pre-existing fractures, resulting in the loss of 

structural cohesion and surface detachment. The combined effect of biochemical weakening 

and mechanical stress can cause significant damage, even to historically significant and robust 

stone materials [40–42]. 

In addition to structural deterioration, fungal colonization significantly alters the visual 

appearance of stone surfaces. Many fungal species produce pigmented secondary metabolites, 
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including melanin, carotenoids, and anthraquinones, which stain the stone in a variety of colors. 

The discoloration ranges from dark black and brown hues associated with melanin to bright 

yellows, greens, and reds from other pigment-producing fungi [43–45]. 

The penetration of these pigments into porous or weathered substrates exacerbates the problem, 

creating stains that are difficult, if not impossible, to remove without compromising the stone’s 

integrity. Moreover, the secretion of biofilms – a protective extracellular matrix produced by 

fungal communities – can trap additional pollutants and particles, further contributing to surface 

darkening and uneven coloration [46–48]. 

Improvement approaches 

Effective ways to limit biodeterioration require a multidisciplinary approach that balances 

microbial control with the preservation of the historical and aesthetic integrity of the substrate 

[49]. Traditional methods, such as biocidal treatments, remain widely used but have significant 

limitations. Many chemical biocides are toxic to the environment, pose health risks to 

conservation professionals, and may leave residues that alter the stone’s appearance or 

composition [50,51]. 

As an alternative, a growing interest in eco-friendly conservation methods has led to the study 

of natural substances, particularly vegetal extracts such as essential oils (EOs) [52,53]. These 

extracts contain bioactive compounds (e.g., terpenes, phenolic acids, and flavonoids) with 

potent antimicrobial properties. Their fungicidal activity can inhibit fungal growth, prevent 

recolonization, and mitigate aesthetic damage [54–56]. 

However, the direct application of essential oils presents challenges, including high volatility 

and potential interactions with the stone’s surface. To address these limitations, advanced 

delivery systems have been developed, such as the one based on nanotechnology, which has 

emerged as a promising way to improve their efficacy by reducing the evaporation rate, 

enhancing stability, and minimizing the quantity employed [57–59]. Similarly, hydrogels and 

polymer-based nanocarriers have been employed to deliver vegetal extracts effectively while 

preserving the stone’s aesthetic and structural properties. In addition to direct treatments, 

preventive measures are critical in combating biodeterioration; protective coatings embedded 

with antimicrobial agents offer another path for prevention, safeguarding stone surfaces without 

compromising their aesthetic or perceptible features [60–65]. 

Despite advancements, the conservation of stone materials remains a challenging endeavor. The 

variability in stone composition, environmental conditions, and microbial communities 
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necessitates site-specific strategies. The long-term effects of using natural products and 

nanotechnology in conservation treatments still require further investigations based on 

multidisciplinary approaches. Innovations such as bio-inspired materials, molecular analysis of 

microbial communities, and computational modeling of biodeterioration dynamics are leading 

the way for more effective and sustainable conservation practices [66–74]. Collaborative efforts 

between microbiologists, material scientists, and cultural heritage professionals are thus 

essential to preserving these invaluable artifacts. 

 

 

2. ANTIMICROBIAL PRODUCTS 

As previously mentioned, the study of microbial biodegradation poses a considerable challenge 

in the field of conservation science: the degradation of stone materials due to microbial activity 

represents a complex interplay of chemical, biological, and environmental factors. Addressing 

these phenomena often requires an interdisciplinary approach integrating microbiology, 

chemistry, physics, and conservation science knowledge [75,76]. 

The main kind of intervention usually carried out to deal with microbiological colonization over 

stone materials is related to cleaning actions with biocides and antimicrobial products [49]. 

However, most of these products are often toxic to the environment, especially when the 

washing water collection role is underestimated [77]. Another main issue is the operators' health 

risks they have to undergo while conducting the intervention. 

Biodeterioration control methods can be divided into direct and indirect categories. Indirect 

methods focus on controlling microbial growth by acting on environmental factors that 

influence microbial activity and can be adjusted to inhibit growth. For example controlling the 

room temperature, humidity (thus moisture level), or air circulation can reduce the rate at which 

microorganisms proliferate. Direct methods, on the other hand, target the biodeteriogenic agents 

directly. These methods include mechanical means (such as using spatulas or brushes for 

removal), physical methods (like using 280-240 nm UV radiation), biological methods (such as 

enzymes that break down organic matter) and chemical methods (such as biocides). Restoration 

interventions often involve the use of biocides, which are composed of active ingredients, co-
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formulates, and solvents. The choice of biocide should depend on the pathogenic organisms, 

the materials of the artifact, and its preservation state. 

Environmental and health issues of synthetic biocide treatments 

While biocides are an efficient way of fighting biodeterioration, they also pose significant risks 

to the environment. The chemicals that target the microorganisms can have harmful effects on 

the ecosystem, especially if not properly managed; thus, their use in restoration interventions 

can lead to involuntary contamination of the surrounding areas, including soil, water, and air 

[78–82].  

For example, a lot of commonly used biocides, like benzalkonium chloride, are based on 

quaternary ammonium salts which are known to be harmful to aquatic life. Similarly, other 

biocides based on isothiazolinones, such as 2-octyl-4-isothiazolin-3-one (OIT) and 4,5-

dichloro-2-octyl-4-isothiazolin-3-one (DCOIT), have strong toxicity to algae and other aquatic 

organisms [83,84]. Likewise, biocides containing carbamates, like IPBC (3-iodo-2-propynyl N-

butyl carbamate), can also have harmful effects on non-target organisms, including insects, 

plants, and other microorganisms [85]. The main issue is that when all these biocides enter 

waterways through runoff or improper disposal, they can accumulate and persist in the 

environment, posing long-term risks [86,87]. 

Furthermore, the use of biocides poses health issues to restorers and other workers, who may 

be exposed through inhalation, skin contact, or ingestion, depending on the restoration methods 

used (e.g., spraying, brushing, or fumigation). The action of biocides, which block cell wall 

synthesis or damage DNA and RNA, can in fact also be toxic to humans. 

It is known that several biocides commonly used in restoration interventions have associated 

health risks. Specifically, quaternary ammonium salts can cause irritation to the eyes, skin, and 

respiratory tract leading to chemical pneumonitis [88]. Isothiazolinones, such as 2-octyl-4-

isothiazolin-3-one (OIT), are strong skin sensitizers and can cause allergic reactions: prolonged 

exposure to OIT has been linked to vascular and neurological diseases [89–91]. Biocides such 

as 3-iodo-2-propynyl N-butyl carbamate (IPBC) and 2,3,5,6-tetrachloro-4-

(methylsulfonyl)pyridine (TCMSP) have been linked to allergic contact dermatitis and irritation 

of the skin and eyes [92–96]. The potential for biocide exposure to negatively impact human 

health therefore highlights the need for protective measures in restoration work or the use of 

less dangerous substances. 
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Green antimicrobial alternatives 

The just-mentioned environmental and health risks, presented in the previous paragraphs, led 

to an increasing interest in using natural alternative substances: in recent years, the application 

of vegetal extracts, such as essential oils, has garnered attention as a promising strategy for 

combating microbial deterioration [97–100]. 

Essential oils (EOs) can be extracted from various plants and have been employed for their 

diverse therapeutic properties for a long time. In nature, they serve as the plant's natural defense 

mechanisms against microbial threats, therefore employing the intrinsic antimicrobial potential 

of essential oils has appeared as a convincing greener alternative path to synthetic chemical 

biocides, for safeguarding cultural artifacts from the harmful effects of fungal and bacterial 

colonizations [101]. One of the significant advantages of their use lies in their asserted 

fungicidal activity: their active constituents, such as terpenes and phenolic compounds, exhibit 

inhibitory effects on fungal growth and reproduction. EOs can indeed mitigate the risk of fungal 

colonization by disrupting cellular membranes and metabolic processes. In particular, their 

efficiency can be attributed to different destructive mechanisms of specific volatile molecules 

present within them; the most common active compounds are: α-pinene and β-pinene, thymol, 

carvacrol, cinnamaldehyde, linalool, eugenol, teoerpinene-4-oil, citronellal, geraniol, and 

camphor. These volatile antimicrobial molecules constitute a distinct and potent array of 

compounds, from terpenes to phenolic compounds and aldehydes, each class contributes 

uniquely to the overall antimicrobial efficacy of essential oils [102–104]. 

Terpenes represent a major class of antimicrobial volatile compounds present in essential oils, 

such as α-pinene and β-pinene (present in pine EO) that have demonstrated antimicrobial 

activity against a wide spectrum of pathogens, making them valuable contributors to the overall 

efficacy [105,106]. Phenolic compounds, including thymol (abundant in thyme EO) and 

carvacrol (predominant in oregano EO), interfere with microbial membranes and cellular 

processes, inhibiting bacterial and fungal growth [107–110]. Certain aldehydes, such as 

cinnamaldehyde (a key component in cinnamon bark EO), possess strong antibacterial and 

antifungal capabilities by disrupting microbial cell membranes [59,111]. The action of 

monoterpenoids, such as linalool (in lavender EO), involves interference mechanisms with the 

microbial membrane integrity [112,113]. Alcohols in essential oils, such as terpinen-4-ol 

(present in tea tree EO), are known for their efficacy against bacteria, fungi, and other 

microorganisms. 
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This dual action against fungi and bacteria positions essential oils as versatile agents for 

conserving cultural heritage materials vulnerable to microbial threats. 

Despite their promising features, using essential oils in cultural heritage conservation is still 

challenging [114]. The concerns related to the potential alteration of artifact appearance, odor 

retention, and long-term efficacy require careful consideration in developing application 

protocols. Furthermore, the molecules with the highest antimicrobial action usually are the 

same and have high volatility and color; hence, the time efficacy of these products needs to be 

carefully considered. If for cleaning interventions, this is not a problem since essential oils can 

be trapped in cleaning poultices, when we are dealing with their preventive action, volatility is 

an issue. To avoid evaporation, options for the encapsulation of essential oil are proposed in the 

literature for protective coatings, for instance, embedding them in nanocarrier systems based 

on polymers (of different nature) or hydrogels. These systems are also studied for applications 

in the Cultural Heritage field.  

 

 

3. NANOSTRUCTURED PROTECTIVE COATINGS  

The preservation of stone materials, whether in historical monuments or modern architectural 

structures, is a critical challenge in cultural heritage conservation. Protective coatings are often 

employed to mitigate material degradation, forming a barrier from environmental and 

anthropogenic factors on stone surfaces [18,19,115]. To fulfill their goals effectively, ideal 

coatings should combine several attributes: durability, non-toxicity, hydrophobicity as well as 

water vapor permeability, chemical compatibility with the substrate, and minimal alteration of 

the stone's aesthetic properties, such as color and brightness. In recent years, most protective 

coatings were tailored to these requirements, however fulfilling all the desired criteria is hard 

and complex, therefore most products were developed and employed focusing on some of the 

characteristics, neglecting other less urgent but still important issues [116]. For this reason, 

continued research for innovation in this field is necessary. Among the most cutting-edge 

approaches, nanostructured coatings can be found, which take advantage of the unique 

properties of nanoscale-engineered materials to enhance the preservation of stone substrates. 
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Polymeric coatings for stone protection 

Polymeric coatings represent a significant category of protective solutions, with several 

subtypes showing varying levels of effectiveness and limitations [117–119]. For example, 

epoxy-based coatings are known for their strong adhesion and ability to consolidate porous 

substrates and are generally employed to improve the structural integrity of stones. However, 

they are vulnerable to UV radiations, leading to discoloration and cracking, which coupled with 

their tendency to absorb water, limits their long-term effectiveness; additionally, their removal 

requires harsh chemical methods that risk damaging the underlying stone [120–123]. Acrylic-

based coatings instead offer superior adhesion and transparency, enhancing stone strength while 

minimizing moisture penetration. Nonetheless, issues such as micropore formation, limited 

water resistance, and susceptibility to photo-oxidation pose risks to long-term performance. 

Their reliance on toxic solvents for removal further raises environmental and health concerns 

[124,125]. Polyurethane coatings are characterized by elasticity, impact resistance, and high 

gloss finishes and are usually employed in graffiti-resistant applications; however, their gloss 

deteriorates over time in outdoor conditions, necessitating frequent reapplications. 

Furthermore, the presence of toxic isocyanates in their traditional formulations restricts their 

use in environmentally sensitive areas [126–128]. Siloxane-based coatings exhibit excellent 

hydrophobicity, thermal stability, and resistance to chemical corrosion. Their non-permanent 

nature aligns with sustainable conservation practices, although hydrolysis over time can 

necessitate reapplication. The versatility of siloxanes, particularly in hybrid formulations, 

makes them a popular choice for stone material protection and consolidation [129–132]. 

Inorganic nanostructured coatings 

Nanotechnology has revolutionized surface protection with the advent of inorganic 

nanostructured coatings, offering enhanced performance due to their nanoscale precision 

[133,134]. Hydrophobicity and self-cleaning properties were implemented: nanocoatings 

impart exceptional water-repellent properties, with some achieving super-hydrophobicity. This 

facilitates the rolling away of water droplets, which carry dust and particulates, thereby 

maintaining surface cleanliness. Furthermore, the robust barrier formed by nanocoatings resists 

staining from oils, chemicals, and graffiti, making them suitable for protecting monuments from 

vandalism [135,136]. 

Another interesting implementation is incorporating nanoparticles, such as titanium dioxide 

(TiO2) or zinc oxide (ZnO), which enables coatings to harness photocatalytic properties and 
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antimicrobial properties. These materials can decompose harmful pollutants and exhibit 

antimicrobial effects, preventing biofilm formation and countering biodeterioration [137–139]. 

Other materials, such as silver (Ag) and copper (Cu) nanoparticles have demonstrated potent 

antimicrobial capabilities, further protecting stone substrates from microbial degradation [140–

144]. Moreover, inorganic nanostructured ordered porous materials, such as SiO2, have also 

attracted increasing scientific interest for their ability to interact with ions and molecules on 

their elevated surface area, depending on the distribution of pore sizes, shapes, and volumes. 

These materials may be produced through the self-assembly of surfactants, which mold the 

inorganic component and are characterized by an ordered mesostructure, very high surface area, 

and well-defined properties, making them ideal for encapsulating molecules of all kinds, from 

proteins to drugs to biocides. Mesoporous silicas such as MCM-41 and SBA-15 are highly 

efficient matrices in the design of controlled release systems due to characteristics like tunable 

pore size and the ordered structure [145]. 

The integration of nanoparticles into polymer matrices has also led to the development of hybrid 

nanocomposites. These systems combine the mechanical strength of polymers with the 

functional properties of nanoparticles, such as enhanced hydrophobicity and photocatalytic 

activity [146–148]. 

Photocatalysts as green materials for restoration 

In recent decades, the urgent need to address environmental challenges has driven significant 

innovation in materials science and architecture. Photocatalysis, a process by which a material 

absorbs light and catalyzes chemical reactions, has opened new frontiers in material 

functionality. Titanium dioxide (TiO2), a widely studied photocatalyst, exhibits exceptional 

properties, including its ability to degrade organic pollutants, eliminate harmful 

microorganisms, and facilitate self-cleaning [149,150]. When exposed to ultraviolet (UV) light, 

TiO2 generates reactive oxygen species (ROS) that break down organic compounds and 

neutralize atmospheric pollutants, offering both aesthetic and health-related benefits (Figure 4) 

[151]. 
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Figure 4: Scheme of the photocatalysis principles: (1) photon absorption, (2) jump to the conduction band, (3) 

electron holes formation, (4) reactions with e- acceptors and e- donors, and (5) free radicals' production 

 

Photocatalytic materials, such as TiO2 and ZnO, have been widely utilized in various paints and 

protective coatings applied to stone substrates [152]. Their ability to interact with organic 

deposits, pollutants, and other environmental residues has captured the attention of the scientific 

community as a means to address critical challenges, such as air pollution, self-cleaning 

surfaces, and energy efficiency [153–155]. 

In contemporary architecture, the development of these advanced materials aligns with global 

efforts to reduce carbon footprints, improve urban air quality, and create low-maintenance 

structures. The versatility of TiO2-based photocatalysts makes them suitable for a range of 

applications, from modern skyscrapers to urban infrastructure, such as in the Netherlands and 

Denmark, where TiO2-based asphalt was introduced to reduce NOx emissions from vehicle 

exhaust and create cleaner urban environments [156–160]. 

Beyond its use in modern construction, TiO2 also holds great promise for the preservation and 

restoration of historical buildings. Heritage structures, often exposed to pollutants, biological 

growth, and environmental wear, face unique challenges in maintaining their integrity and 

aesthetic value. Traditional cleaning and maintenance methods can be invasive, labor-intensive, 

and potentially harmful to delicate materials. TiO2-based coatings, on the other hand, offer a 

minimally invasive solution that respects the historical value of these buildings while enhancing 

their durability and appearance. Photocatalytic materials can be applied thus to stone, marble, 

and other surfaces to prevent the accumulation of deposits, reduce biological colonization, and 
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mitigate damage from air pollution. Moreover, these materials can be tailored to meet the 

specific conservation requirements of heritage sites, ensuring compatibility with original 

materials and aesthetic considerations [161–163]. 

For the just mentioned reasons, in recent years, the integration of TiO2 into architectural and 

conservation practices has been introduced to address pressing challenges. For instance, in 

urban areas heavily impacted by air pollution, including nitrogen oxides (NOx) and volatile 

organic compounds (VOCs), which contribute not only to respiratory problems but also to 

several degradation phenomena, TiO2-based materials have been employed to neutralize these 

pollutants through photocatalysis [164–166]. A notable example is Palazzo Italia, built for the 

World Fair Expo 2015 in Milan, which was the first building in the world to use TiO2-infused 

concrete to purify the surrounding air [167,168].  

As discussed, TiO2 has also been employed for surface maintenance and cleaning. Self-cleaning 

TiO2-based coatings can break down organic matter and prevent dirt adhesion. Heritage 

structures facing degradation from pollution and biological colonization, which often require 

invasive and damaging restoration techniques, benefit from the application of TiO2 coatings as 

a non-invasive protective layer [169–172]. To cite an example of heritage buildings, this 

technology has been studied on ornamental parts of the façades of the Markovits-Mathéser 

House in Oradea Municipality, Romania, where TiO2 treatments have safeguarded the natural 

rock from microbiological growth [173]. 

Despite the several advantages of photocatalysts, certain drawbacks need to be addressed. One 

of the primary limitations is their dependency on ultraviolet (UV) light, which constitutes only 

a small fraction of natural sunlight, limiting the efficiency of outdoor applications. However, 

efforts are being made to develop visible-light-responsive photocatalysts, thanks to doping 

techniques for example. Moreover, the production of reactive oxygen species (ROS) during 

photocatalysis can pose challenges to material compatibility. In some cases, prolonged exposure 

to ROS may accelerate the degradation of the substrate materials. This risk is especially 

pertinent in the conservation of delicate heritage structures, where long-term stability is a 

critical concern [174,175]. Another significant consideration is the potential nanoparticle 

release into the environment, for this reason, their application and combination with other 

materials, able to hold them, need to be considered [176,177]. Lastly, the cost of nanostructured 

materials and their treatments may be prohibitive in some contexts, if compared with more 

traditional ones. At the same time TiO2 and ZnO nanoparticles are one of the less expensive 
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materials in their context. While the long-term benefits of reduced maintenance and pollution 

mitigation may offset these costs, initial investment might remain a barrier. 

Nevertheless, the remarkable photocatalytic and antimicrobial properties of TiO2, ZnO, 

essential oils, and vegetal extracts highlight their potential in addressing environmental 

challenges, from pollution mitigation to surface preservation, across both contemporary and 

historical architecture. As demonstrated in several applications, this technology successfully 

bridges innovation and tradition, enhancing sustainability and heritage conservation [178,179]. 
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GOALS AND THESIS WORKFLOW 

The principal aim of this PhD project was to develop a green multifunctional coating with 

antimicrobial properties for the protection of stone surfaces from biodeterioration phenomena. 

The first part of the work focused on identifying green materials suitable for applications in the 

restoration of cultural heritage. In this context, photocatalytic nanoparticles, specifically TiO2 

and ZnO, were identified, characterized, and tested for their ability to inhibit fungal growth on 

a traditional Venetian plaster substrate (Chapter II). 

Meanwhile, an in-depth study was conducted on other nanostructured materials to ultimately 

combine with photocatalysts. In particular, the research investigated the use of ordered 

mesoporous materials to act as nanocontainers for antimicrobial agents, with a focus on the 

synthesis, characterization, and functionalization of a SiO₂-based matrix capable of holding and 

gradually releasing a commercial biocide (Chapter III). 

The next step involved studying and identifying a sustainable antimicrobial agent derived from 

vegetal sources or waste biomass, as a greener alternative to chemically synthesized biocides. 

In this regard, plant extracts and essential oils were combined with mesoporous materials and 

tested against microorganisms isolated from real-case cultural heritage stone samples (Chapter 

IV). Part of this work was conducted during a six-month research stay as a PhD visiting student 

at the Instituto Universitario de Restauración del Patrimonio, Universitat Politècnica de 

València (Spain). 

The final part of the work focused on optimizing the formulation of a coating capable of 

effectively delivering the active components, consisting of silica nanocontainers with the 

selected antimicrobial agent and photocatalysts. Final microbiological tests were also 

conducted to verify the compatibility of the formulation’s ingredients (Chapter V). 

The entire project was conducted with the support of Uni.S.Ve. Srl, who contributed to its 

development by drawing on their expertise, with the potential for the final formulation to be 

applied to a real case restoration intervention. 

For each stage of the PhD work, a corresponding article, either published or submitted to 

international Peer reviewed scientific journals, is presented following the general introduction 

of the thesis. 
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ENHANCING VENETIAN TRADITIONAL MARMORINO 

WITH TIO2 AND ZNO FOR ANTIMICROBIAL PROTECTION 

– A CASE STUDY 

Post-print version of the Article published in Next Materials, Elsevier, 2025, 7, 100384 
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Abstract  

Venetian marmorino is a traditional plaster that has been used since the 15th century, in several 

palaces in Venice and ancient villas throughout the Veneto region. While this material has 

considerable durability, it remains susceptible to various surface degradation processes. An 

effective means to mitigate such events is through the application of photocatalytic coatings. 

These coatings employ just oxygen from the atmosphere and light as energy source to degrade 

both organic and inorganic environmental pollutants, confer self-cleaning properties, and 

reduce bacterial attacks or fungal growth.  

In this work titania (TiO2) and zinc oxide (ZnO) were incorporated into the marmorino, both as 

top coating and within the mortar itself. The biocidal efficacy of these additives was assessed 

through optical microscopic observations of fungal colonies grown on the marmorino mock-

ups with differing compositions or finish layers. Two Fungi Penicillium italicum and 

Cladosporium spherospermum were selected as reference microorganisms attacking wall 

materials in Venice. Hence, a more detailed analysis utilizing electron microscopy (SEM) was 

conducted to confirm the biocidal properties.  

The experimental results demonstrate that the development of a high-tech multifunctional 

marmorino capable not only of reducing environmental pollutants but of preventing surface 

degradation and inhibiting fungal growth. This inhibition leads to a reduction in biodegradation, 

resulting in a diminished ability to take root and lack of spore development. 

 

Keywords: Marmorino plasters, photocatalysts, TiO2, ZnO, biocidal properties, Venetian 

Palaces 
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1. Introduction 

Venetian marmorino is a traditional plaster widely employed as wall coating in several ancient 

buildings in Venice and in the Veneto region [2,180–183]. Marmorino has been employed both 

as plaster for new constructions and as material for restoration interventions of ancient ones 

[184–186]. 

The stratigraphy of marmorino typically comprises multiple thin layers of sand-based plaster 

applied in a fresco su fresco technique without waiting for the lime putty (Ca(OH)2) to fully 

carbonate. Notably, the final mortar layer incorporates fine-grained marble powder (CaCO3) 

alongside lime putty [187]. Traditionally, several natural substances such as soap, lime water, 

or natural oils were applied as finish layer, either before the carbonation process or afterward, 

to provide both protection and desired optical properties [188,189].  

Despite its intrinsic protective features, marmorino surfaces exposed to modern pollutants face 

greater environmental challenges [12,190–198]. Volatile Organic Compound (VOC) pollutants, 

often deposited as thin layers not only contribute to chemical and physical degradation but also 

facilitate biodegradation processes [9,199]. Biodegradation includes all the undesirable changes 

in mater properties accelerated by microbial activity across various taxonomic groups 

[200,201].  

The combination of environmental factors (i.e., moisture, light, temperature, surface deposits, 

ventilation, capillary rise, and pollutants) eases the deterioration of the walls and the increase 

of the surface porosity [33,202,203]. This makes the surface more bio-receptive, encouraging 

the ecological flow growth of bacterial and fungal consortia, plant-like organisms, and even 

herbal to arbustive plants [13,23,31]. This heightened susceptibility to biodeterioration can 

foster the establishment of an ecosystem on stone surfaces. Biodeteriogens act on surfaces 

through different, but all dangerous, mechanisms [14,15,22,204]. 

While several approaches exist to remove such deposits and restore the surface, they often 

involve products applied after damage has occurred [205–207]. An appealing alternative is the 

use of materials capable of preventing deposit formation or chemically removing them as they 

begin to form [115]. Photocatalytic materials are well-suited for this purpose, as they can trigger 

beneficial chemical reactions employing atmospheric oxygen and sunlight energy. 

Photocatalysts can induce reactions that interact with common air pollutants, degrade surface 

degradation compounds, and even mitigate the growth of biological organisms that deposit, 

adhere, and proliferate on the wall surface [208]. 
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Titanium dioxide (TiO2) is the most employed photocatalytic material in various applications 

[209–211]. Consequently, it is also being investigated as component in photoactive wall 

coatings, either for its biocidal effect to inhibit biodeterioration or for its self-bleaching effect 

to prevent the formation of stains due to pollution or vandalism [212,213]. Zinc oxide (ZnO) is 

another semiconductor employed for its self-bleaching properties. Moreover, it is well-known 

for its potent biocidal properties in various applications [138,214]. As previously demonstrated 

by the authors [215], appropriate TiO2 and ZnO photocatalysts do not cause color variation 

when applied to marmorino surfaces, thereby preserving the aesthetic integrity of the stone – 

an essential characteristic when dealing with Cultural Heritage materials [212]. Furthermore, 

they both demonstrated great self-cleaning surface characteristics, capable of degrading model 

stain compounds [215,216], such as methylene blue or methylene red, as well as real-case stain 

compounds like blue pen, various markers, or food residues [217]. Previous results also 

demonstrated that the combination of photocatalytic materials with Aleppo’s natural soap in the 

finish layer exhibited even higher efficacy [215]. This last aspect could also avoid the 

detachment of the photocatalysts from the surface, leading to a more stable material.  

For these reasons, both TiO2 and ZnO are employed and investigated for their antimicrobial 

activity to combat fungal proliferation even on stone surfaces [218–220]. Literature studies 

suggest that these materials can be applied primarily as a superficial coating on different types 

of stone surfaces [137,221–224] or even incorporated into the mortar in the case of concrete or 

plasters [225,226]. In the former case, the metal-based oxides primarily exploit photocatalytic 

phenomena, which cannot be fully used when incorporating the photocatalyst as a component 

of the mortar matrix. Nevertheless, studies report that employing metal oxides (e.g., ZnO, CaO, 

MgO) within the material formulation, the particles still inhibit dangerous microorganisms’ 

growth [225]. Therefore, the antimicrobic phenomenon cannot exclusively be attributed to the 

photocatalytic actions of ZnO but rather to failures in the microorganisms’ proliferation and 

reproduction processes induced by the particle composition. The active oxygen species 

generated by the ZnO particles is considered the primary mechanism of antibacterial activity 

[227–231]. 

 

2. Research aim 

In this work, our objective was to modify the formulation of Venetian marmorino plaster by 

incorporating TiO2 and ZnO, aiming to confer inhibition properties against microorganisms’ 
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growth. Titanium-based materials were employed for surface coating, while ZnO was integrated 

into the marmorino plaster formulation. Optical and electron microscopy (SEM) were 

employed to establish the inhibition action of ZnO and TiO2 on fungal cultures inoculated on 

the surface of the marmorino mock-ups. 

Previous works extensively characterized the photocatalytic plaster mock-ups and studied their 

activity towards self-cleaning features [215,217], while this study focuses on investigating the 

impact of added photocatalysts on the antimicrobial properties of these materials. To the best 

of the authors’ knowledge, there are no specific studies regarding this aspect, applied to plaster-

like stone materials. 

 

3. Materials and methods 

3.1 Materials 

To synthetize the photocatalysts the reagents were used as-received: TiOSO4 · xH2O ·yH2SO4, 

Zn(NO3)2 · 6H2O, titanium (IV) isopropoxide, Na2CO3NH3 aqueous solution, and isopropanol 

were purchased from Sigma Aldrich. The commercial photocatalysts employed were TiO2 P25 

from Evonik (Essen, Germany) and ZnO from CARLO ERBA Reagents S.r.l. (Milan, Italy). 

For what concerns the marmorino mock-ups preparation, the quicklime (CaO) and the marble 

powders (impalpabile and spolverone – CaCO3) were provided by Uni.S.Ve. company (Venice, 

Italy). 

For the microbiological growth, maintenance, and testing, the reagents were used as received: 

Sabouraud Dextrose Agar (SDA), Malt Extract Agar (MEA), and Nutrient Broth (NB) were 

purchased from Biolife (Milan, Italy), whereas the 5% saline solution (NaCl) was purchased 

from Sigma Aldrich. 

Finally, for what concerns the SEM measurements samples preparation, Conducting Carbon 

Cement (Leit-C) was employed. 

3.2 Methods 

3.2.1 Photocatalysts preparation 

The photocatalysts (TiO2, ZnO, ZnO-TiO2 composite) were prepared following a procedure 

previously reported by the authors [215,232,233] and labeled Ti-LAB, Zn-LAB, and ZnTi-LAB 

respectively.  Briefly, a 1.2 M aqueous solution of TiOSO4 precursor was added dropwise to 

200 mL of H2O, while maintaining the pH at a constant value of 5.5 using 9 M aqueous NH3. 

Afterward, the suspension was aged at 60°C for 20 hours, washed on a Gooch filter, and air-
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dried at 110°C for 18 hours. The resulting material was hence annealed at 400°C for 4 hours in 

an airflow of 30 mL/min and then labeled as Ti-LAB. 

Similarly, laboratory-made ZnO was prepared using a 1.1 M aqueous solution of 

Zn(NO3)2·6H2O and 1.0 M Na2CO3 aqueous solution as the precipitating agent, while 

maintaining a pH of 9 during the precipitation process. This sample was labeled as Zn-LAB. 

Finally, a zinc oxide-titanium dioxide composite material, containing a theoretical amount of 

10% wt of TiO2, was prepared via wetness impregnation. This involved dissolving a proper 

amount of titanium precursor (Ti(IV) isopropoxide) in isopropanol. The impregnated sample 

was then air-dried at 110°C for 18 hours and subsequently annealed at 400°C for 4 hours in an 

airflow of 30 mL/min. In this way a core-shell like structure was obtained. This sample was 

labeled ZnTi-LAB. 

The two benchmark products, used as references, were TiO2 P25 from Evonik and ZnO from 

Carlo Erba, and were respectively labeled Ti-COM and Zn-COM. 

In Table 1 are briefly reported the results previously obtained by the authors in the 

photocatalytic materials characterizations: 

Table 1: photocatalytic materials characteristics 

Sample Crystallite size (nm) Crystalline phase BET surface area (m²/g) 
Ti-COM 20 anatase, ruthile 52 
Ti-LAB 9 anatase 120 
Zn-COM 158 wurzite 5 
Zn-LAB 15 wurzite 42 

ZnTi-LAB 17 wurzite, anatase 33 

3.2.2 Marmorino mock-ups preparation 

The marmorino plaster mock-ups were prepared following the traditional Venetian recipe 

provided by the Uni.S.Ve. s.r.l. restoration company [217], applying different kinds of finish 

layers: no finish layer, traditional (Aleppo soap), Aleppo soap   TiO2. 

Briefly, a laboratory-made Venetian marmorino was applied to a 20 × 20 cm cotto brick. 

Initially, an underlayer comprising coarse sand and lime putty in a 1:3 weight ratio was applied 

to a wet brick surface. Afterward, two layers of marmorino were applied. These layers consisted 

of impalpabile, a finely powdered marble (0.07 mm), spolverone, a coarser marble powder (1-

3 mm), and lime putty in a 2:1:1 weight ratio. A third layer of marmorino was then applied, 

composed by combining 16 g of the aforementioned calcium-based mixture with either 4 g of 

photocatalyst or 4 g of impalpabile. 
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For what concerns the finish layers, the traditional Aleppo soap was compared with an 

innovative one characterized by Aleppo Soap enriched with TiO2 NPs, namely Evonik P25 (Ti-

COM). A comparison with a pristine, not treated sample was also carried out. The preparation 

of the traditional finish layer, 50 mg of Aleppo soap were diluted with 2.5 mL of H2O, then 

placed in an ultrasonic bath for 30 minutes at at T = 50°C. They were subsequently collected 

and applied with a brush to the dedicated section. For the section reserved for the finish with 

Aleppo soap and Ti-COM, 50 mg of Aleppo soap were combined with 25 mg of Ti-COM, 

diluted in 2.5 mL of H2O, and the same procedure as the previous application was followed. 

Finally, the mock-ups were left at RT for 20 days to dry and carbonatate. 

3.2.3 Microorganisms sampling campaign 

To select the microorganisms to be used, a sampling campaign was conducted on real-case 

marmorino plasters found on the external walls of some palaces dating back approx. 1500-1700 

in Venice (Figure 1S). The sampling process involved non-invasive methods using Fungi-

TapeTM adhesive tape (Fisher Scientific) and sterile cotton swabs. 

The Fungi-TapeTM samplings were examined under the optical microscope, while the cotton 

swabs were plated on Petri dishes with different cultivation mediums (SDA, MEA, NB, MEA  

NaCl 5%). The Petri dishes were then incubated at 21.5 ± 2 °C for 7 days to allow initial 

mycelium development and monitored for up to 20 days for fungal colony growth until 

maturation (active and abundant sporulation).  

At this stage, the identified Fungi, Penicillium italicum and Cladosporium spherospermum, 

were selected for the study based on their growth and morphology [234]. These Fungi were 

isolated and allowed to grow in pure axenic culture using MEA cultivation medium for 5 days 

in an incubator at 21.5 ± 2 °C, until optimal inoculation growth levels were reached. 

3.2.4 Marmorino antimicrobial activity test 

Based on literature [214,235], a system was developed to study the antimicrobial properties of 

the marmorino mock-ups. These mock-ups were tested by applying a fungi inoculum, cut using 

a microbiology cork borer, onto their surfaces, and observing the resulting fungal growth. The 

growth test spanned a month period, maintaining a humid environment and a controlled 

temperature of 23 ± 2°C to ease the Fungi spreading. The mock-ups were kept in a humid 

environment undergoing to natural nictemeral cycles, to better reproduce the influence of 

environmental factors. 
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During the growth test, fungal growth was evaluated through a photographic campaign of the 

plaster mock-ups. After the test concluded,  more detailed microscope analyses were conducted. 

Initially, the mock-up surfaces were sampled using Fungi-TapeTM, which were then affixed onto 

glass slides for microscopy observation of the fungal growth state. The monitoring of fungal 

growth involved observations using a stereoscope Stemi SV 6 (ZEISS, Germany) and an optical 

microscope Axioplan (ZEISS, Germany) at different magnifications. Instantaneous images 

were acquired using an incorporated digital camera AxioCam ERc5s (ZEISS, Germany) and 

processed using the ZEN 2011 software (ZEISS, Germany). 

Table 2 provides instructions for identifying the twelve samples. The first letter of the label (A, 

B, C, or D) denotes the marmorino plaster formulation used for making the tile, the number (1, 

2, or 3) specifies the finish layer employed, and the last character (p or c) indicates the fungal 

genera inoculated onto the surface. 

 

Table 2: Mock-ups and samples descriptions 

 

Last marmorino plaster 
layer Finish layer 

Sample with 
Penicillium 

italicum 

Sample with 
Cladosporium 

spherospermum 

Marble powder + lime 
putty + impalpabile 

marble powder 

No finish layer A1p A1c 

Traditional (Aleppo soap) A2p A2c 

Aleppo soap + TiO2 A3p A3c 

Marble powder + lime 
putty + Zn-COM 

No finish layer B1p B1c 

Traditional (Aleppo soap) B2p B2c 

Aleppo soap + TiO2 B3p B3c 

Marble powder + lime 
putty + Zn-LAB 

No finish layer C1p C1c 

Traditional (Aleppo soap) C2p C2c 

Aleppo soap + TiO2 C3p C3c 

Marble powder + lime 
putty + ZnTi-LAB 

No finish layer D1p D1c 

Traditional (Aleppo soap) D2p D2c 

Aleppo soap + TiO2 D3p D3c 
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For Scanning Electron Microscopy (SEM) analyses, a small sample was cut from the mock-up 

surface and affixed to the stub (sample holder) using conducting carbon cement. After drying, 

the sample was metalized with Chromium, and measurements were conducted. The SEM 

images were acquired using an FE-SEM (Field Emission Scanning Electron Microscopy) FEG 

LEO 1525 ZEISS, equipped with an in-lens detector for secondary electrons and operated at an 

accelerating voltage of 5 kV. 

3.2.5 Photographs and Micrographs Interpretation 

The interpretation of the naked eye observation was summarized considering the general 

development of the fungal colonization. Four levels were set, and each sample was labeled with 

“extensively distributed”, “distributed”, “poorly distributed”, or “not appreciable” depending 

on how the Fungi were spread over the surface. It is important to underline that when the sample 

was labeled with “not appreciable” it could be related to the high efficiency of the antimicrobial 

system as well as to the limit of this kind of investigation. 

Likewise, for the microscopy observation of the glass slides the following classification was 

assigned to the samples: considering both the presence of the conidia and the hyphae it was 

possible to define once again the fungal growth. Hence a rank system of five steps was 

generated: a Fungi with “high fungal growth” is when no obstacle in the fungal growth was 

observed; a “good fungal growth” was defined when both conidia and hyphal structures and at 

least one of them inside the matrix of the substrate can be seen; an “only superficial fungal 

growth” was assigned to the samples where the colonization was visible over the whole sample, 

but there was not penetration into the substrate; then a “not propagated/inhibited fungal growth” 

was given to the samples when the colonization was present only around the inoculation point 

or when a block on the development of the Fungi was identified; and finally a “not rooted fungal 

growth” was assigned when the fungal growth was totally inhibited. 

As for the SEM images, the fungal colonization was evaluated through the observation of the 

spores and the hyphae’s characteristics (i.e., amount, size, freshness, and distribution): massive, 

when pervious spores and hyphae of normal diameter/thickness were present, resulting in the 

mycelium being in an excellent vegetative state; good, when both pervious and dehydrated 

spores and hyphae of sufficient size were present; sufficient, when mostly dehydrated spores 

and hyphae were present, although points of good rooting remained clearly visible in the 

mycelium; regressed, when only dehydrated, agglomerated, imploded spores and thin, 

dehydrated hyphae were visible. 
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4. Results  

4.1 Fungi sampling campaign 

From the sampling campaign conducted on the external walls of ancient palaces in the city of 

Venice presenting marmorino plaster in a discreet conservation state, it was possible to detect 

several Fungi species. Penicillium italicum (Fungi, Ascomicota, Eurotiales, Trichocomaceae) 

and Cladosporium spherospermum (Fungi Ascomycetes, Dothideomycetes, Cladosporiales) 

were then selected for this study, and their specific features are shown in Figures 2S and Figure 

3S. 

4.2 Photographic campaign and naked-eye observation 

The results presented here pertain to pictures captured 30 days after the deposition of the Fungi 

inocula on the marmorino mock-ups, compared to those taken in the initial days following 

inoculation. The traditional marmorino tiles (mock-ups A) exhibited extensive microbiological 

colonization, noticeable even to the naked eye for both Fungi (Figure 1 – a, b). Samples A2p, 

A3p, A2c, and A3c displayed widespread growth across the samples, indicating unhindered 

growth and diffusion of the microorganisms on the traditional substrate. In contrast, samples 

A1p and A1c exhibited less visible distributed fungal growth, likely due to the different bio-

receptivity of the substrate. The more porous nature of the substrate may have facilitated the 

proximity of Fungi growth just to the inoculum area. 

Furthermore, it should be noted that Penicillium sp. is greatly affected by pH, requiring an 

acidic environment between 3.0 and 4.5 for optimal development, although it is capable of 

taking root even in seemingly more adverse conditions. Conversely, Cladosporium, while 

tolerating acidic environments up to pH 4.4, needs an environment around pH 6.0 for optimal 

growth [236]. 

Similar trends were observed for mock-ups B and C. Both Fungi exhibited distinct interactions 

with the substrate.  While P. italicum did not exhibit any visible growth on the tiles in any of 

the different finish layer options, C. spherospermum showed less dispersed colonization of the 

plaster in the case of Zn-LAB compared to the Zn-COM (Figure 1 – c, d, e, f). 

Finally, in the Ti-Zn-based tiles (mock-ups D), reduced growth of both P. italicum and  C. 

spherospermum on the surfaces was observed. Additionally, the inoculum disk in the samples 

D3p and D3c (those with TiO2 as finish layer) appeared to shrink or become not visible anymore 

(Figure 1 – g, h). 
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These results are preliminary insights, but further analysis through optic and electronic 

microscopy is necessary to gain a more complete understanding of the interaction between the 

microorganisms and the different marmorino tiles. 

  
(a) mock-up A (traditional marmorino) 
inoculated with P. italicum, from left to right 
samples A1p, A2p, A3p. 

(b) mock-up A (traditional marmorino) 
inoculated with C. spherospermum, from left to 
right samples A1c, A2c, A3c. 

  
(c) mock-up B (plaster with Zn-COM) inoculated 
with P. italicum, from left to right samples B1p, 
B2p, B3p. 

(d) mock-up B (plaster with Zn-COM) inoculated 
with C. spherospermum, from left to right 
samples B1c, B2c, B3c. 

  
(e) mock-up C (plaster with Zn-LAB) inoculated 
with P. italicum, from left to right samples C1p, 
C2p, C3p. 

(f) mock-up C (plaster with Zn-LAB) inoculated 
with C. spherospermum, from left to right 
samples C1c, C2c, C3c. 

  
(g) mock-up D (plaster with TiZn-LAB) 
inoculated with P. italicum, from left to right 
samples D1p, D2p, D3p. 

(h) mock-up D (plaster with TiZn-LAB) 
inoculated with C. spherospermum, from left to 
right samples D1c, D2c, D3c. 

Figure 1: Photographs of the eight different marmorino tiles mock-ups colonized either by P. italicum 
or C. spherospermum Fungi 
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4.3 Microscope investigation of the glass slides 

Figure 2 reports microscope investigations of glass slides from samples inoculated with the 

Penicillium italicum Fungus. In sample A1p, the presence of P. italicum’s conidia was evident 

in an ideal growth situation, although slightly smaller, often concatenated and intact; hyphae of 

the Fungus were also observed, but no conidiophore structures were present. Some 

contamination by external microorganisms, such as a cyanobacteria, likely originated from the 

environment where the tiles were stored, was noted.  

Sample A2p exhibited a Fungus in a good vegetative condition, with hyphae penetrating the 

marmorino matrix and intact chains of conidia visible. Additionally, biological consortium 

structures indicated the formation of a biofilm on the surface. Sample A3p showed a comparable 

situation to sample A2p, with slightly rounder and smaller conidia, and the presence of dry 

phialide structure with concatenated conidia nearby.  

Regarding tile B inoculated with P. italicum, sample B1p revealed free conidia, sometimes still 

concatenated and dispersed in the plaster matrix, along with some hyphae exhibiting slight 

globular morphology, suggesting possible fungal growth deformation. Sample B2p also 

displayed a globular swelling structure and thin deformed hyphae penetrating the plaster matrix, 

with multiple inoculum points. In general, it was possible to notice very developed colonies in 

germination state with a young mycelium developed inside the matrix, with the uncommon 

presence of chlamydospores-like structures (i.e. thick-walled terminal or intercalary asexual 

resting propagule mostly for long-time survival) but already associated with P. italicum from 

some authors [237]; regarding the conidia, they were small and round, and concentrated near 

the inoculum area; it was also noticed an opaque surface, which might be linked to the presence 

of soap in the finish layer.  

In sample B3p, filiform structures, likely underdeveloped hyphae, were observed. Performing 

an overview of the inoculum point and its vicinity, the conidia and the present hyphae were few, 

around 10-15% compared to the previous glass slides; the observed conidia were still 

concatenated, but only present around the inoculum area, meaning that there was no growth, 

i.e. it could be potentially inhibited.  

Sample C1p showed few fresh and some dry dehydrated hyphae, numerous conidia still 

concatenated covering the substrate, and cell structures resembling a flat coenobium. Sample 

C2p exhibited a small structured mycelium with hyphae penetrating the plaster matrix. Sample 

C3p displayed smaller chained spores only around the inoculation point.  
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In sample D1p, only the footprint of the mycelium structure and some dendriform structures 

(probably hyphae) were visible at the inoculation point, with limited fungal growth outside this 

area. A comparable scenario was observed in sample D2p, with vegetative body and sporulation 

structures present, but absent from the center of the inoculation point; in other parts of the glass 

slide, it was instead possible to notice conidiophores and thin hyphae, also inside the plaster 

structure. Sample D3p exhibited a thin conspicuous hyphal system confined to the surface and 

some dried conidiophores. 

 
Figure 2: Microscopy pictures of (A) tile A Traditional marmorino, (B) tile B Zn-COM marmorino, 
(C) tile C Zn-LAB marmorino, (D) tile D ZnTi-LAB marmorino, inoculated with the Penicillium 
italicum Fungus. 
From left to write the samples with the three different finish layers: (1) no finish layer, (2) traditional 
Aleppo soap, and (3) Aleppo soap enriched with TiO2 nanoparticles 
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Regarding tile A inoculated with Cladosporium spherospermum (Figure 3), in sample A1c the 

Fungus exhibited a conspicuous vegetative thallus, spreading across the glass slide, 

accompanied by numerous hyphae and conidia. Sample A2c displayed pieces of compacted 

mycelium once again, but smaller scattered conidia were absent. The Fungus managed to 

penetrate the plaster substrate, resulting in a higher presence of marmorino flakes adhered to 

the Fungi-TapeTM. Sample A3c showcased an articulated-grained vegetative mycelium, with 

very few conidia present only in the inoculation point. The Fungus’s growth appeared hindered, 

as the conidia seemed to have dried before sporulation.  

In Sample B1c, a significant presence of small, mainly dehydrated conidia, and swollen broken 

hyphal cells was observed. Sample B2c exhibited fewer conidia than B1c, but more hyphae; 

the conidia were concentrated around the inoculation point, and hyphal systems were confined 

to this area, indicating limited propagation. A similar scenario was noted in sample B3c, with a 

compact but underdeveloped inoculum, as the Fungus did not propagate beyond the inoculation 

area. The conidia were dehydrated and unevenly arranged, and the mycelium was superficial 

and with thin hyphae.  

In sample C1c, the Fungus presented subspherical scattered conidia, many of which were 

imploded, but no mycelium was visible. Conversely, in sample C2c, it appeared that the Fungus 

had initially taken root but then receded from the substrate, as evidenced by imploded and 

attached conidia, very thin hyphae, and a mycelium with short hyphal cells. Sample C3c showed 

no apparent root formation by the Fungus, since there is no mycelium present, with only a few 

thick hyphae and singularly scattered imploded small conidia, although fewer than in C2c.  

Sample D1c displayed a densely compacted mycelium, but the Fungus was limited to the 

surface, with small and dehydrated conidia and hyphae exhibiting shorter cells. In sample D2c, 

the Fungus appeared mostly dehydrated, with interrupted growth phases of the mycelium,  and 

sporulating elements with very small conidia were also visible. Finally, in sample D3c, a 

dehydrated Fungus with a developed mycelium was observed, primarily with hyphal forms over 

the matrix surface but not within, along with collapsed or imploded small conidia showing 

evident cavities. Some residual network structures, likely residual conidiophores, were also 

noted. 
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Figure 3: Microscopy pictures of (A) Tile A Traditional marmorino, (B) Tile B Zn-COM marmorino, 
(C) Tile C Zn-LAB marmorino, (D) Tile D ZnTi-LAB marmorino, inoculated with the Cladosporium 
spherospermum Fungus. From left to write the samples with the three different finish layers: (1) no 
finish layer, (2) traditional Aleppo soap, and (3) Aleppo soap enriched with TiO2 nanoparticles 

 

4.4 Scanning Electron Microscopy analyses 

Scanning Electron Microscopy (SEM) proved to be a valuable technique for detailed 

examination of fungal growth across the various samples. Particular attention was focused 

towards assessing the presence and distribution of spores and hyphae on the surface, their 

morphological characteristics, and their condition.  

Regarding the Penicillium italicum Fungus (Figure 4), sample A1p exhibits thick globular 

phialides and a high concentration of spores distributed on the surface. In sample A2p, hyphae 

were observed scattered across the surface along with some dried spores. Additionally, irregular 

grains were noted over the P. italicum Fungus, potentially indicating substrate alteration caused 
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by the Fungus. Images from sample A3p depicted short and thick hyphae along with some 

characteristic concatenated spores, most of which appeared dried and exhibited shape 

deformations. 

Sample B1p showcased a surface highly colonized by P. italicum, featuring chains of spores 

and thin, elongated hyphae. Notably, a compact layer with perforation was observed, indicating 

the presence of P. italicum colonies both underneath and atop it. Conversely, in sample B2p, a 

scarce distribution of spores was observed, except near the inoculation point. Additionally, a 

transparent-whiteish element resembling an agglomeration of really dried and broken hyphae 

that create a cloth-like effect, likely due to Aleppo soap finish layer, was noted. Similarly, 

sample B3p exhibited a modest presence of spores and hyphae, primarily around the inoculation 

site. 

In sample C1p, a significant number of smaller spores and dried hyphae were observed, 

although with a non-homogenous distribution on the surface, suggesting uneven growth. 

Sample C2p displayed small, occasionally agglomerated spores, and dried, elongated hyphae. 

Conversely, in sample C3p, both the number of hyphae and spores were lower, with spores 

appearing small and sufficiently dry to fracture. 

Sample D1p presented a high density of spores homogeneously distributed on the surface, while 

hyphae were scarce, dried, and fragmented, forming a flake-like structure. In sample D2p, small 

spores embedded in a mucilaginous-like structure were visible, possibly associated with Aleppo 

soap agglomerations or a densely compact hyphal network. Finally, sample D3p finally 

exhibited a small quantity of dry, agglomerated spores along with long, thin, and dried hyphae. 
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Figure 4: SEM images of (A) Tile A Traditional marmorino, (B) Tile B Zn-COM marmorino, (C) 
Tile C Zn-LAB marmorino, (D) Tile D ZnTi-LAB marmorino, inoculated with the Penicillium 
italicum Fungus. 
From left to write the samples with the three different finish layers: (1) no finish layer, (2) traditional 
Aleppo soap, and (3) Aleppo soap enriched with TiO2 nanoparticles  

 

Regarding the marmorino mock-up tiles colonized by Cladosporium spherospermum (Figure 

5), a situation similar to that described for the Penicillium italicum colonization was observed. 

On sample A1c, fungal spores of various dimensions and hyphae were visible, distributed over 

the surface. In sample A2c, ramoconidia were once again observed, along with hyphae. Notably, 

spherical structures suggestive of spores in germination were present. In sample A3c, there was 

a generally significant decrease in the number of spores, which appeared deformed, with only 



 

41 
 

few very thin hyphae visible. It is also interesting to note the presence of crystals probably 

directly produced by the Fungus [238]. 

In sample B1c, a high concentration of spores was evident, with surficial hyphae indicating a 

developed mycelium that subsequently dried up. Sample B2c exhibited conglomerates of dry 

spores, small spores, and really elongated hyphal systems. In sample B3c, dry spores 

conglomerates were again present, although smaller in size, with a general decrease in pore 

size. Long and dry hyphal structures were also visible. 

Sample C1c displayed equally dispersed small spores but no evidence of hyphal network. 

Similarly, in sample C2c, small spores were present without long hyphae, but hyphal cells were 

observed. Likewise, in sample C3c, the absence of hyphae and the presence of small drier spores 

were notable. 

In sample D1c, conglomerates of imploded, dry, medium-sized spores were unevenly 

distributed on the surface, with no visible hyphae. In sample D2c, spores of varying dimensions 

were observed, inserted in a mucilaginous-like structure, as seen in the P. italicum inoculation 

in sample D2p. Finally, in sample D3c, conglomerates of smaller and larger spores were present. 
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Figure 5: SEM images of (A) Tile A Traditional marmorino, (B) Tile B Zn-COM marmorino, (C) 
Tile C Zn-LAB marmorino, (D) Tile D ZnTi-LAB marmorino, inoculated with the Cladosporium 
spherospermum Fungus. 
From left to write the samples with the three different finish layers: (1) no finish layer, (2) traditional 
Aleppo soap, and (3) Aleppo soap enriched with TiO2 nanoparticles  

 

5. Discussion 

To better deal with the high amount of results, mainly based on image interpretation, the 

parameters taken into account were summarized, as described in paragraph 3.2.5, and were used 

to design Table 3. In this way, it was possible to show the results and efficiently underline the 

effect of the synergetic combination of photocatalysts in contrasting the biodeterioration on the 

marmorino plaster mock-ups. 
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Table 3: Summary of the obtained results 

 

Marmorino 

plaster 

mixture 
Finish layer Sample 

Naked eye 

observation 
 colonization level  

Microscope  
glass slide 

 fungal growth  

SEM 

images 

Traditional 

No finish 

layer 
A1p Not appreciable High massive 

A1c Not appreciable High massive 

Traditional 

(Aleppo 

soap) 

A2p Extensively 

distributed Good good 

A2c Extensively 

distributed Good massive 

Aleppo soap 

  TiO2 

A3p Extensively 

distributed Good sufficient 

A3c Extensively 

distributed 
Inhibited/not 

propagated good 

Enriched 

with Zn-

COM 

No finish 

layer 
B1p Not appreciable Good good 

B1c Distributed High good 

Traditional 

(Aleppo 

soap) 

B2p Not appreciable Good good 

B2c Distributed Inhibited/not 

propagated sufficient 

Aleppo soap 

  TiO2 

B3p Not appreciable Inhibited/not 

propagated regressed 

B3c Distributed Inhibited/not 

propagated regressed 

Enriched 

with Zn-

LAB 

No finish 

layer 

C1p Not appreciable Only superficial sufficient 

C1c Poorly distributed Only superficial good/ 

sufficient 
Traditional 

(Aleppo 

soap) 

C2p Not appreciable Good sufficient 

C2c Poorly distributed Inhibited/not 

propagated 
good/ 

sufficient 

Aleppo soap 

  TiO2 
C3p Not appreciable Inhibited/not 

propagated regressed 

C3c Poorly distributed Not rooted regressed 

Enriched 

with ZnTi-

LAB 

No finish 

layer 
D1p Poorly distributed Inhibited/not 

propagated sufficient 

D1c Poorly distributed Only superficial sufficient 

Traditional 

(Aleppo 

soap) 

D2p Poorly distributed Inhibited/not 

propagated regressed 

D2c Poorly distributed Inhibited/not 

propagated regressed 

Aleppo soap 

  TiO2 

D3p Poorly distributed Only superficial sufficient 

D3c Poorly distributed Inhibited/not 

propagated 
sufficient/ 

regressed 
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Investigating the effect of the different photocatalysts, it was observed that the incorporation of 

ZnO in the plaster mixture, as well as the enrichment with TiO2 in the finish layer, generally 

endowed the plaster with antimicrobial features or hindered fungal proliferation in some extent. 

Specifically, in the case of Zn-base materials in the plaster mixture, better results were obtained 

with laboratory-made photocatalysts. This correlation can be attributed to the photoactivity of 

zinc oxides; all the three samples present optoelectronic properties which were correlated with 

their activity, resulting in an increasing level of activity from Zn-COM, to Zn-LAB, and finally 

to ZnTi-LAB, as it has been previously demonstrated by the authors [215,217]. In Zn-COM and 

Zn-LAB marmorino, Zn–OH surface groups delay photoactivity by trapping photoexcited 

charge carriers on the hydroxyl group, thereby diminishing activity by insulation and acting as 

an electrical barrier for charge transfer. On the other hand, in ZnTi-LAB, the passivation of Zn–

OH surface groups and the increased number of heterojunctions enhance the activity by 

reducing the excited states quench, thereby implementing charge separation [239,240]. 

Furthermore, it was previously observed that the Zn-COM sample exhibited a Ca(OH)2-rich 

surface, which could act as insulating layer, reducing free radical production and thereby 

limiting a potential way to arm the biological proliferation. The ZnTi-LAB nanomaterial, 

comprising a zinc oxide core and a titanium dioxide shell, previously demonstrated the most 

effective self-bleaching activity due to enhanced heterojunction formation among the 

photoactive phases [215]. For the same reasons, a higher arming interaction with the biological 

materials could explain the obtained superior results. 

In absence of finish layer, the susceptibility to biological attacks is heightened. Applying a 

finish layer reduces surface bio-receptivity by reducing available pores. However, it is 

important to note that while surface hydrophobicity increases with the application of soap, 

applying organic material on an already carbonated plaster surface could serve as metabolic 

source for microorganisms. This could explain the microbial proliferation in samples treated 

with Aleppo soap finish layer. 

On the other hand, adding TiO2 NPs to Aleppo soap resulted in improved antimicrobial effects, 

inhibiting or even preventing microbiological colonization in most cases. This confirms the 

antimicrobial features of TiO2, which are mainly attributed to the generation of free radicals 

that compromise the structural and functional integrity of microorganism cells, ultimately 

leading to pathogenic cell death or significant reduction in growth and proliferation. 
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Moreover, the chemical and electrical features of TiO2 contribute to its antimicrobic action. Its 

good electric conductivity can damage cell membranes and inhibit metabolic pathways, thereby 

reducing the ability of microorganisms to obtain energy and nutrients for reproduction, 

including spore germination and the formation of new fungal colonies [241,242]. This aspect is 

particularly emphasized in the samples containing metal oxides in both in the plaster mixture 

and finish layer,  creating a hostile environment for microbiological proliferation through a 

synergetic effect.  

 

6. Conclusions 

This study investigated the antimicrobial properties of TiO2 and ZnO against two Fungi, 

Penicillium italicum and Cladosporium spherospermum, directly sampled from real-case 

scenarios. The photocatalysts were incorporated into the formulation of Venetian traditional 

marmorino, with different finish layers, allowing for a comparison between a traditional layer 

of Aleppo soap and innovative TiO2-based one. 

For both Fungi, the presence of zinc oxides in the plaster mixture helped create an unfavorable 

environment for fungal proliferation. The best results were obtained with the lab-made ZnTi-

LAB. Regarding the finish layer, the addition of TiO2 to Aleppo soap increased the antimicrobic 

effect, strengthening the surface’s ability to contrast fungal growth. Given the intrinsic features 

of the two metals oxides, their antimicrobial activity was correlated with their photocatalytic 

and optoelectrical properties. 

In conclusion, this study demonstrated the feasibility of conferring antimicrobial properties to 

Venetian marmorino plaster through the use of photocatalysts, effectively merging historical 

traditional materials with scientific innovation. 
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Appendix A – Supporting information 
 
 

 

 

  
A. B. 

Figures 2SA and 2SB: Hyaline, terverticellate conidiophores of Penicillium italicum (Ascomicota, 
Eurotiales, Trichocomaceae); evident branches; slender phialides with short but distinct necks; 
subglobose, smooth-walled conidia. 

 
 
Figure 1S: Venice map with indicated sampling campaign point on the ancient palaces in the areas 
of Campo San Tomà, Campo San Stin, Campo Sant’Aponal, and Calle dei Botteri. On the right 
microorganisms sampling from the historical marmorino plasters (approx. 1500-1700). 
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A. B. 

Figures 3SA and 3SB: Cladosporium spherospermum: conidiophores with simple (on the left) or 
branching (on the right) chains of ramoconidia on a peculiar tree-like conformation, both with typical 
spherical spores. (conidia). 
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Engineered silica NPs to hold and release the antimicrobial 

product Biotin T ® 
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Abstract: While the preservation of culturally significant materials is increasingly recognized 

as important within the scientific community, it remains closely tied to traditional practices and 

the empiric knowledge of small handicraft companies. These procedures are usually highly 

effective, but, especially when dealing with biological degradation phenomena, they are often 

not updated to the latest scientific innovations and hence do not always consider the impact of 

their use on the environment. MCM-41 silica-based nanoparticles were employed as 

nanocontainers to encapsulate and later release the antimicrobial agent Biotin T ®. Specifically, 

the silica nanoparticles were modified with sulphonic groups to functionalize the silica structure 

and its interaction with the antimicrobial compound, thereby aiming to regulate its release. 

Microbiological tests were conducted to determine Biotin T ® antimicrobial activity at low 

concentrations. The nanomaterials were characterized by N2 physisorption, XRD, TPO, 

TG/TDA, Raman IR/ATR spectroscopy, SEM, EDS, and HR-TEM, whereas Biotin T ® release 

was studied through UV spectroscopy. The functionalized silica nanoparticle-based matrix can 

encapsulate and gradually release the commercial biocidal. Two of the matrices, MCM-41 and 

MCM-SO3H, exhibited different properties after functionalization, with both maintaining the 

original structure but leading to a higher interaction with the antimicrobial product. 

Keywords: silica nanoparticles; sulphonic group; Biotin T; antimicrobial; Cultural Heritage  
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1. Introduction 

Stone cultural heritage materials are often subject to degradation phenomena that are related to 

the environment they are exposed to. It is hence crucial to protect them and to improve the 

products employed to reduce the degradation effects [147,191,243]. 

Biodegradation is considered one of the most dangerous factors that could alter the material 

conservation state; it has a high aesthetical negative impact and can be one of the first steps of 

a series of more complex phenomena that could lead to the complete loss of the artwork 

[13,22,244]. 

Various methods to remove environmental deposits and restore the original surface are 

currently employed; however, they primarily imply the application of products only once the 

material has already been highly colonized and/or damaged [245,246]. Antimicrobial 

commercial products are hence usually applied for cleaning interventions, without considering 

their potential preventive power [247]. Numerous products are employed in the cleaning and 

preventing interventions in the field of conservation and restoration; one of the most commonly 

used for the treatment of stone surfaces has the commercial name of “Biotin T”, which is 

normally employed for cleaning interventions at low concentrations, around 1-3% [248,249]. 

Its composition is based on two components: a quaternary ammonium salt 

(didecyldimethylammonium chloride – DDAC) and the molecule of 2-octyl-2H-isothiazol-3-

one (OIT), reported in Figure 1; their action is respectively related to fungicide and antimicrobic 

actions [84,250,251]. 

  
(a) 2-octyl-2H-isothiazol-3-one (OIT) (b) Didecyldimethylammonium chloride (DDAC) 

Figure 1. Biotin T ® main active molecules: 2-octyl-2H-isothiazol-3-one (a), and 
Didecyldimethylammonium chloride (b). 

Subsequent to a cleaning intervention, a protective coating should be applied to minimize 

further attacks on the stone surface, provided that it must not alter the surface properties or 

chromatic characteristics of the substrate [18,19,148]. 

Nanostructured protective coatings are typically employed for this aim, exploiting the appealing 

features of nanomaterials [115,116,134,252,253]. Nanoparticles (NPs), usually metal oxides, 

have been studied since the 80s for their applications in conservation science. This growing 
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interest is related to the high chemical and aesthetical compatibility that these materials have. 

Moreover, they can present lower toxicity towards the environment and the operator [133]. The 

presence of NPs on the surface could have both a chemical and a physical effect; the NPs' 

elevated surface area ratio can confer the material with high reactivity, which could lead to 

favorable interaction with the environment, such as self-cleaning features. From a physical 

point of view, instead, the NPs’ presence could enhance the surface hydrophobicity, creating a 

micro-roughness that could lead water to form droplets over the surface instead of being 

absorbed by the material. Other appealing characteristics are related to the possibility of 

modifying their properties by changing the porosity, size, and shape or grafting them with 

functional groups. Nanoparticles that are highly functionalizable and present the just reported 

characteristics are hence widely employed in several fields, such as in the development of hi-

tech conveying systems of biologically active molecules. 

Embedding active substances in nanosized materials to control their release is a well-known 

technique, in what is generally referred to as Drug Delivery System (DDS). Indeed, the term 

DDS is usually used to describe the conveying of bioactive molecules, such as drugs, in a 

controlled and targeted way. It is an application that is highly employed in the medical and 

pharmaceutical fields, but which can be employed in many other sectors. These kinds of 

systems can grant to the formulation a modulated release over time, regulating its kinetic to 

maximize the efficiency and reducing the number of treatments, and hence the costs [254–256]. 

Matrices are fundamental in the formulation of a DDS because they are responsible for 

controlling the release of the active molecule, which might be modulated both by chemical 

and/or physical interactions. Matrices’ parameters can also be modified to further vary the 

release control by changing the structure and the material morphology, surface functional 

groups, material degradation, material hydrophobicity or hydrophilicity, or even the capability 

to interact with the active substance without modifying its activity. 

In this field, particularly noteworthy are porous silica nanoparticles (SiO2 NPs), which have 

been widely employed to encapsulate biomolecules and enzymes in different fields of 

application [257,258]; these matrices exhibit high biocompatibility and biodegradability, 

resistance to microbial attacks, and are characterized by high mechanical strength, elevated 

thermal stability, and negligible swelling in organic solvents compared to organic polymers. 

These features contribute to making this type of material an excellent carrier in many systems, 

including biological ones, as they allow reaching the target without degradation and protect the 
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active agent until it is released to perform its function [145,259,260]. For these materials, a high 

surface area, a large pore volume, and an appropriate size of the pores are essential requirements 

to encapsulate a desired amount of the active substance. Through the appropriate modification 

of these parameters, it is possible to modulate the loading and release of the active ingredient 

[261–264]. 

Mesoporous silicas, such as MCM-41 and SBA-15, are highly efficient matrices in the design 

of a controlled release system, owing to features such as pore size and their ordered structure 

[265–269]. 

The surface area of mesoporous silicas is composed of the sum of the external and porous 

surface areas. Its high value (approximately 700-1000 m2/g) results in a significant reactivity 

of the material, allowing for the encapsulation of a large quantity of molecules within it [270]. 

Silica contains silanol groups (Si-OH), and increasing the temperature leads to their 

disappearance [271]. Therefore, subjecting silica to high temperatures enhances its hydrophobic 

character. In this scenario, the adsorption process is characterized by hydrophobic van der 

Waals dispersive forces. Another intriguing aspect concerning the surface of silicas is that upon 

contact with aqueous solutions of varying ionic strength and pH, silanols can undergo 

deprotonation, resulting in a negative surface charge (SiO -) that facilitates the adsorption of 

ions and polar molecules from the solution [272]. 

The ability to modify the surface of silica is a key feature that makes this material highly 

versatile. It is possible to tailor material characteristics according to specific needs by 

introducing a wide variety of functional groups. These functional groups may include amines, 

thiols, carboxyl, or sulfonic groups. Functionalization is a common procedure when aiming to 

modulate the properties of controlled release in mesoporous silicas for DDS. The goal is to 

enhance the interaction between the functional groups of the matrix and the active agent 

incorporated within it. The two most commonly employed procedures for functionalization are 

co-condensation and grafting. These techniques, depending on the application field, enable the 

modification of the matrix to enhance its interaction with the molecule to be transported. 

Hence, the incorporation of the biocide within the pores of the grafted silica matrix would allow 

for its controlled release over time, thereby reducing the frequency of cleaning interventions on 

the surface of the target stone. Furthermore, by maximizing the interaction with the biocide and 

modulating its release, the proliferation of microorganisms’ colonies over the stone surface 

would be avoided or at least reduced. Additionally, the use of silica nanocapsules in a protective 
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coating would also contribute to modulating its final properties, enhancing, for example, its 

hydrophobicity. 

Therefore, the goal of this study is to functionalize silica nanoparticles with sulphonic 

functional groups, aiming to modulate the release by modifying the silica matrix structure and 

its interaction with the antimicrobic commercial product Biotin T ®. In particular, attention was 

focused on MCM-41 silica NPs. 

2. Materials and Methods 

2.1. MCM-41 Synthesis 

Mesoporous MCM-41 was synthesized using TEOS (Tetraethyl orthosilicate; CAS 78-10-4) as 

the silica source and hexadecyltrimethylammonium bromide (CTAB; CAS 57-09-0) as the 

template in NaOH (CAS 1310-73-2) basic solution. The mixture was continuously stirred at 

300 rpm for 3 h at 25 °C and crystallized in a Teflon autoclave at 75 °C for 70 h, keeping pH = 

11. The mixture was then filtered, washed, dried at 25 °C for 20 h, and finally calcined in air 

(50 mL/min) at 510 °C (0.5 °C/min rate) for 6 hours. 

All the materials employed for this step were purchased from Sigma-Aldrich® (Merck Life 

Science S.r.l., Milan, Italy). 

2.2. MCM-41 grafting with -SO3H groups 

A post-grafting method was used to functionalize the above MCM-41 material, following the 

procedure reported by previous work from the authors [273]. (3-

Mercaptopropyl)trimethoxysilane (MPTMS; CAS 4420-74-0) was used as grafting agent and a 

NaCl (CAS 7647-14-5) solution 0.2 M was used as reaction solvent: 1 g of MCM-41 was 

dissolved in 30 mL of saline solution. MPTMS was added to the mixture exhibiting a 2:1 M 

ratio of SiO2 to 1 MPTMS and the mixture was stirred at 1000 rpm for 24 h at 90 °C. The solid 

was then washed in water (three portions of 20 mL) and dried for 18 h at 70 °C. The material 

was labeled MCM-SH. Then, mild oxidation with 30 wt.% H2O2 (CAS 7722-84-1) using a 

2:0.11 M ratio of SiO2 to H2O2 was performed stirring at 500 rpm for 24 h at 30 °C. The 

sulfonated solid was filtered, washed with methanol (CAS 67-56-1), and dried at RT for 18 h. 

The final material was labeled MCM-SO3H. 

All the materials employed for this step were purchased from Sigma-Aldrich® (Merck Life 

Science S.r.l., Milan, Italy). 
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2.3. Impregnation with Biotin T ®  

The nanomaterials MCM-41 and MCM-SO3H were impregnated by Incipient Wetness 

Impregnation (IWI) method with an aqueous solution of Biotin T ® 30%. In order to ensure 

optimal impregnation of the biocide, a series of intermediate drying steps at 30 °C were carried 

out. The silica matrices were both impregnated with Biotin T ® till the maximum of their 

absorption capability, leading to a concentration of Biotin T ® equal to 1.3 mL/g for MCM-41 

and 0.5 mL/g for MCM-SO3H. The two samples were respectively labeled MCM-41-BT and 

MCM-SO3H-BT. 

The antimicrobial product Biotin T ® was purchased from CTS S.r.l., Altavilla Vicentina, Italy. 

2.4. Microbiological Sampling campaign 

To select the microorganisms to be used, a sampling campaign has been conducted on real-case 

built heritage stone materials present in the city of Venice, Italy; precisely, from the Istria stone 

well in Campo dei Frari (Sestiere San Polo) and from the external wall of San Giacomo 

dall’Orio Church (Sestiere Santa Croce) – IX century.  

The samplings were carried out by non-invasive methods performed with adhesive tape Fungi-

TapeTM (Fisher Scientific) and sterile cotton swabs. The samplings were directly plated on Petri 

dishes with Malt Extract Agar (MEA, Biolife). The Petri dishes were incubated at 21.5 ± 2 °C 

for 7 days for initial mycelium development and then monitored for fungal colony utilization 

until maturation (active and abundant sporulation) of the fungal colonies. At this stage, it was 

identified the Fungus Cladosporium sp. which was selected for this study. It was hence isolated 

and let grow in pure axenic culture with MEA cultivation medium for 5 days in incubator at 

21.5 ± 2 °C, reaching an optimal inoculation growth level with active sporulating 

conidiophores. 

2.5. Biotin T ® microbiological test 

To test the antimicrobial properties of Biotin T ® and identify its Minimal Inhibitory 

Concentration (MIC), a preliminary challenge test based on the principles of the Kirby-Bauer 

diffusion test method was conducted [274]. The test's main intent was to assess that even a 

small amount of Biotin T ®, as the quantity released by the silica NPs, was sufficient to inhibit 

fungal growth. It is, in fact, known from literature that the encapsulation in nanomaterials does 

not limit the antimicrobial features of the active molecules [275]. 
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To conduct the test, first some Cladosporium sp. inocula were placed in a 25 mL PBS buffer 

solution and vortexed for 3 minutes at 2000 rpm. Then, spore counting in the solution was 

performed using a Bürker counting chamber, repeating the procedure with three counting 

replicates (n = 3) to obtain an average of 5000 spores/mL [276]. Afterward, 500 μL of the spore-

containing solution was taken and inoculated onto aerated Petri dishes (Ø = 90 mm) containing 

Malt Extract Agar (MEA – Sigma-Aldrich® Merck Life Science S.r.l., Milan, Italy) culture 

medium, spreading on the surface with an L-shaped loop (Hockey stick). Three sterile paper 

discs (Ø = 15 mm) made of cellulose pulp were then placed on each Petri dish, onto which 20 

μL of Biotin T ® was absorbed at the volume concentrations of 0.1%, 0.3%, 1%, 3%, 10%, 

30%. Petri dishes without the deposition of the biocide were also prepared and kept as 

references (control). All tests were performed in triplicate. 

Depending on the growth of the Fungi, the MIC of the biocide can be determined, and thus, the 

amount of silica NPs required for an effective release of Biotin T ®. 

To analyze the inhibition area, it was measured the average between the shorter and the largest 

radius of the circle where there was no fungal growth for each paper disc; then the inhibition 

area was calculated. The measurement was done on pictures taken at the end of the test (after 7 

days) and processed through Adobe Illustrator CC software. 

2.6. Characterization of the silica NPs 

Specific surface areas and pore size distributions were evaluated by N2 adsorption/desorption 

isotherms at −196 °C using a Tristar II Plus Micromeritics instrument. The samples underwent 

a pre-treatment at 70 °C prior to the analysis. The surface area was calculated using the B.E.T. 

method, whereas pore size distribution was determined by the B.J.H. method, applied to the N2 

desorption branch of the isotherm. For all the surface area data the error reported is lower than 

2%. 

X-ray powder diffraction (XRD) analyses were carried out by a Bruker D8 Advance Da Vinci 

automatic diffractometer using a Cu sealed X-ray tube and equipped with a LynxEye XE strip 

detector with a Ni filter on the diffracted beam. 

Total acid sites were determined by the following titration method: 50 mg of powder was 

dissolved in a 10 mL 0.02 M NaOH solution, stirring for 1 h. The contents were then filtered, 

diluted with 10 mL of H2O, and then titrated with 10 mL of a 0.02 M HCl solution, using 

phenolphthalein as a pH indicator. The amount of acid used to titrate the solution allowed the 
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determination of the number of acidic groups present in MCM-41 and MCM-SO3H that reacted 

with NaOH. 

Temperature Programmed Oxidation (TPO) measurements were carried out with an Anton Paar 

High Vacuum Adsorption Analyzer, autosorb iQ series C-MP. The samples (100 mg) were 

heated with a temperature rate of 10 °C/min from 20 to 1000 °C in a 5% O2/He flow (40 

mL/min). The effluent gases were analyzed by a built-in TCD detector. All temperature 

programmed analyses were repeated twice to validate the results. 

Thermal analyses (TG/DTA) were performed on a NETZSCH STA 409 PC/PG instrument in 

air flux (20 mL/min) using a temperature rate set at 5 °C/min in the 25-800 °C temperature 

range. 

Raman spectra were recorded on pure samples using an FT-Raman Instrument (Bruker Vertex 

70 spectrometer, equipped with the RAM II accessory and a Ge detector) by exciting with a 

1064 nm Nd:YAG laser, recording 3000 scans with a resolution of 4 cm−1. 

Attenuated Total Reflectance (ATR) infrared spectroscopy was employed to identify the 

presence of IR-active vibrations attributable to functional groups that could confirm the 

occurrence of matrix grafting. The instrument used for the analyses is a Bruker Vertex 70 

spectrometer equipped with a Harrick MVP2 ATR cell (64 scans, resolution 4 cm-1), and a 

DTGS detector. All data sets were processed with the software Origin 2021 by OriginLab, 

Northampton, MA, USA. 

Scanning Electron Microscopy (SEM), coupled with Energy Dispersive X-ray Spectroscopy 

(EDS), and High-Resolution Transmission Electron Microscopy (HRTEM) analyses were 

employed to study the morphological modification of the silica matrices, to study the 

nanoparticles’ dimensions, and to confirm the effective addition of the –SO3H functional groups 

and the impregnation with the antimicrobial product. The instruments used for these analyses 

were a Zeis Gemini SEM with Oxford Instruments SDD EDS detector and a JEOL 2100 

HRTEM with Gatan OneView detector. SEM images were acquired at an accelerating voltage 

of 5 kV with the secondary electron detector, and EDS maps were taken at an accelerating 

voltage of 10 kV. SEM samples were prepared by spreading a thin layer of sample powder onto 

sticky conducting carbon tape. HRTEM imaging was performed at an accelerating voltage of 

200 kV. HRTEM samples were prepared by sonicating the sample in ethanol solvent for 

5 minutes, and then subsequently drop-casting onto a holey carbon copper grid (Agar 
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Scientific) and left to dry overnight. Data was collected using the Electron Microscopy 

Research Technology Platform at the University of Warwick. 

2.7. Study of the Release System  

To evaluate the ability to release the active components of Biotin T ®, from both unmodified 

and grafted silica NPs, a customized release test was optimized. In this test, various aqueous 

solutions of MCM-41 and MCM-SO3H of equal concentration were shaken over a time interval 

ranging from 30 minutes to 30 days. Subsequently, the solutions were filtered (0.2 µm filter) 

and analyzed using UV-visible spectrophotometry to identify and quantify the concentration of 

biocide molecules in the sample solutions. 

The test was carried out to simulate the slower release that would take place in much more time 

when inserted into an antimicrobial protective coating formulation. 

The powder samples of MCM-41 and MCM-SO3 were dissolved in 3 mL of distilled water in 

a quantity to achieve a potential maximum concentration of Biotin T ® at 0.5% in the solution. 

UV-visible spectroscopy analyses were conducted using an Agilent Technologies Cary300 UV-

vis spectrophotometer. The analyses were run through the Cary WinUV Scan software 4.20. 

The absorbance peak around 250-300 nm of the OIT molecule was used as a reference for the 

presence of Biotin T ®. The study has been conducted in triplicate with an error lower than 5%. 

All data sets were processed with the software Origin 2021 by OriginLab, Northampton, MA, 

USA. 

3. Results and Discussion 

The selection of MCM-41 as silica nanocontainer was based on the size of Biotin T ® 

molecules (~1 nm) and the diameters of the nanopores; which are approximately 3 nm for 

MCM-41 and broader for other kinds of ordered mesoporous silica [277,278]. Therefore, the 

study was centered on nanomaterials with smaller pores, to effectively hold and interact with 

the commercial biocide. The surface of silica can be modified ad hoc to tune the interaction 

with the host molecules didecyldimethylammonium chloride (DDAC) and 2-octyl-2H-

isothiazol-3-one (OIT). 

3.1. Biotin T ® activity microbiological test 

The microbiological test was conducted to obtain preliminary information regarding the 

biocidal efficacy of various concentrations of Biotin T ® solutions, with the aim of 
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understanding the amount of impregnated silica NPs needed to ensure effective antimicrobial 

action revisiting the principles of the Kirby-Bauer Diffusion-Test Method (i.e. the antimicrobial 

diffuses from the disk into the agar and the fungal growth is inhibited at a distance from the 

disk that is proportional to its specific susceptibility). 

From the photos taken after 7 days from inoculation, as illustrated in Figure 2, it is evident that 

the inhibition area – i.e., the area where the growth of Cladosporium sp. Fungi is not observed 

– increases with the concentrations of Biotin T ® solutions. The picture of the negative control 

is also provided for comparison (Figure 2 a). These solutions demonstrate low effectiveness at 

concentrations ≥ 0.1% (Figure 2 b); when the concentration exceeds 1% (Figure 2 d), there is 

no observable fungal growth (complete inhibition), i.e. no spore germination and/or mycelium 

growth and proliferation all around (radially) the Biotin T ® impregnated paper discs. 

 
a. (control 0%) 

 
b. (0,1%) 

 

 
c. (0,3%) 

 
d. (1%) 

 
e. (3%) 

 
f. (10%) 

 
g. (30%) 

Figure 2. Photos of the microbiological test with the different concentrations of Biotin T ®: control 0% 
(a), 0.1% (b), 0.3% (c), 1% (d), 3% (e), 10% (f), 30% (g) – the pictures were taken after 7 days from 
inoculation with Cladosporium sp. Fungi.  

Table 1 reports data on the inhibition areas of the samples; the result obtained for each sample 

corresponds to the average of the results from the three cellulose disks impregnated with 

Biotin T ® within the three Petri dishes. For the concentrations at 10% and 30%, it is reported 

the whole area of the Petri dish, since growth was not identified. 

Table 1. Inhibition area of Biotin T ® in different concentrations over Cladosporium sp. Fungi. 
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Sample Inhibition Area (cm2) Standard Deviation (SD) 
Negative control 

0 ± 0 

0.1 % 
30 ± 5 

0.3 % 
77 ± 6 

1 % 
185 ± 6 

3 % 
304 ± 6 

10 % (max) ± 0 

30 % (max) ± 0 

Regarding the negative control, the inhibition area corresponds to 0, as the Fungi completely 

cover the Petri dishes, including the cellulose disks. With the 0.1% sample, the average 

inhibition area is lower than that of the cellulose disk impregnated with Biotin T ® (~18 cm2); 

indeed, the Fungi were able to colonize part of the cellulose disks. From the 0.3% (Figure 2 c) 

concentration onward, a notably higher inhibition area is observed, increasing further with 1%, 

concentration at which complete radial inhibition is observed (Figure 2 d) with subsequent 

confluent growth. This result is confirmed with the 3% sample (Figure 2 e) and reaching total 

inhibition on the overall Petri area with the 10% and 30% samples (Figure 2 f and 2 g). 

These results indicate that the biocide is effective even at low concentrations. Therefore, in the 

case of gradual release, the minimum concentration necessary to exert antimicrobial action can 

be easily achieved. 

3.2. Characterizations of the silica matrices 

The central part of the study was focused on the characterization of both MCM-41 and the 

functionalized silica matrix MCM-SO3H, also focusing on the intermediate step MCM-SH. 

Their different structure and features are indeed closely related to their delivery performances. 

Furthermore, some analyses were carried out on the impregnated samples with Biotin T ® 

(MCM-41-BT and MCM-SO3H-BT). 

3.2.1. N2 physisorption 

The analysis was employed to evaluate the surface characteristics of the materials. As shown 

in Figure 3 a, both analyzed samples exhibit a Type IV isotherm, indicative of MCM-41 typical 

hysteresis. It is noticeable that, at the same relative pressure (p/p°), the amount of N2 absorbed 

in the MCM-41 pores is higher than that absorbed by the MCM-SO3H ones. This suggests a 
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successful grafting procedure: the loss in volume and surface area could be due to the covalently 

bonded functional groups that partially occupy the material's pores, as confirmed by the BJH 

curve, shown in Figure 3 b. MCM-41 presents a BET surface area of 920 m2/g and a BJH 

cumulative pore volume of 0.750 cm3/g. After the grafting procedure, these values significantly 

decrease, resulting in a BET surface area of 413 m2/g and a BJH cumulative pore volume of 

0.205 cm3/g for MCM-SO3H. 

  
(a) (b) 

Figure 3. N2 physisorption graphs of MCM-41 (in blue) and MCM-SO3H (in red): (a) Hysteresis graphs; 
(b) Chart depicting the pore volume as a function of pore size distribution. 

 

Concerning the pore size of the two materials, the analysis reveals that the average pore 

diameter for both samples is approximately 3 nm. However, it can be observed that in the case 

of MCM-SO3H the hysteresis begins to form at slightly lower pressures compared to the MCM-

41. This suggests a more heterogeneous distribution of pore sizes in the material (Figure 3 b). 

It is therefore possible that the grafting treatment might have partially altered the material's 

structure. To further investigate the influence of the grafting procedure on the structure of the 

silica matrices, X-ray diffraction measurements were also performed. 

3.2.2. X-ray diffraction (XRD) 

In Figure 4 a significant loss of the long-range order can be observed due to the action of the 

grafting treatment on the porous structure of MCM-41. This is shown by a drastic intensity 
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reduction of the main peak and the disappearance of secondary peaks in the MCM-SO3H 

profile.  

Furthermore, in comparison to the initial d-spacing of 36.8 Å, there is an initial contraction in 

the MCM-SH structure, reducing the d-spacing to 35.0 Å, followed by a second contraction in 

MCM-SO3H, which has a d-spacing of 33.5 Å. 

 

Figure 4. X-ray diffraction graph of three samples: MCM-41 (in blue), MCM-SH (in black), and MCM-
SO3H (in red). 

 

3.2.3. Analysis of the acid sites by back-titrations 

The effectiveness of the grafting procedure was verified through a synergy of approaches. The 

first involved a preliminary analysis to roughly assess the sulfonic group grafted on the sample: 

a back-titration test was conducted, as it represents a quick and straightforward investigation 

method: 50 mg of MCM-41 were titrated with 1.35 mL of HCl, corresponding to 0.27 ∙10-4 mol 

of acid. Using the relationship (1): 

moles of NaOH – acid groups moles = moles of HCl, (1) 

it was possible to determine the number of moles of acidic groups in the material that reacted 

with NaOH, namely 1.73 ∙10-4 mol. 
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As for the back-titration of MCM-SO3H, 1.05 mL of HCl was required, equivalent to  

0.21 ∙10-4 mol. Using the same relationship (1), the moles of acidic groups that reacted were 

1.79 ∙10-4 mol. 

Comparing the two results, it is noticeable that in the case of the basic solution containing 

MCM-41 a lower number of acidic groups reacted with NaOH. This could be attributed to the 

lower acidity of the –OH groups present on the surface of MCM-41, compared to the –SO3H 

groups added after grafting. 

3.2.4. Temperature Programmed Oxidation (TPO) 

The Temperature-Programmed Oxidation (TPO) technique was employed to determine, based 

on the increasing temperature and consumption of the oxidizing mixture, the presence of 

oxidizable species in the analyzed samples. In the graph reported in Figure 5, it can be observed 

that the three matrices exhibit very different behaviors as the temperature increases. In detail, 

the MCM-41 curve does not show significant peaks, unlike MCM-SH and MCM-SO3H; this 

aspect can be attributed to the decomposition of chemical species. 

 

Figure 5. TPO graph of MCM-41 samples (in blue), MCM-SH (in black), and MCM-SO3H (in red). 

 

Regarding the other two samples, hypotheses can be made by referring to what is present in the 

literature [279]. In the curve of MCM-SH, a very intense peak is noticeable just before 400 °C; 
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it can be attributed to the oxidation of the –SH groups linked to the silica surface. The broadband 

after 400 °C is probably due to the overlapping of different processes involving different species 

present in the sample. Two shoulders are recognizable in the band: the first, at around 500 °C, 

could be due to the decomposition of the sulfonic groups formed after the oxidation of thiols, 

while the second at 550 – 600 °C may be due to the decomposition of the alkyl chain directly 

bonded to the silica [279]. 

These hypotheses can be supported by the analysis of MCM-SO3H, whose curve shows an 

intense peak at around 500 °C, which can be attributed to the decomposition of propyl-sulfonic 

groups linked to the material. The curve also exhibits two shoulders that develop at 

temperatures comparable to the peaks in the MCM-SH profile. The first, around 400 °C, is 

probably due to the oxidation of –SH groups that were not completely oxidized during the H2O2 

procedure and have lower intensity compared to those present in the MCM-SH profile. The 

second shoulder, at around 550 °C, is associated with the decomposition of alkyl chains bonded 

to the material. 

To support and complement the information obtained from the TPO analysis, 

Thermogravimetric (TG) and Differential Thermal Analysis (DTA) were performed and are 

discussed in the following section. 

3.2.5 Thermal analyses (TG/DTA) 

Thermogravimetric analysis (TG) and Differential Thermal Analysis (DTA) (in Figure 6) 

allowed the evaluation of the mass losses (%) of the three different samples as the temperature 

increased. These losses were associated with exothermic or endothermic processes leading to 

the degradation of chemical species. 

In the TG analysis, in all three samples, a first weight loss up to 200 °C is noticeable: it could 

be associated with the evaporation of interstitial H2O present in the pores of the materials. In 

the case of the MCM-41, this is the only percentage loss recorded. These weight losses are 

reflected in the DTA, where endothermic processes are evident up to 150 °C, likely they were 

needed to provide the necessary energy for water to evaporate from the material's pores. In the 

case of the MCM-SO3H, the weight loss is higher than the others, probably because it contained 

a greater amount of H2O; this is justified by the DTA analysis in which the associated 

endothermic process peak is more pronounced than those of the other two samples. 

In the MCM-SH TG analysis, a second weight loss between 200 °C and 400 °C was attributed 

to the decomposition of –SH groups, followed by a third weight loss, up to 700 °C, which was 
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attributed to the decomposition of the alkyl chains linked to them. In the DTA analysis, it is 

possible to observe the development of exothermic processes in the temperature range of 100 - 

700°C, ascribed to the decomposition of these chemical species. 

Regarding MCM-SO3H, the second significant weight loss in the DTA, approximately between 

200 °C and 600 °C, is associated with exothermic processes that could have involved the 

decomposition of various species, such as the –SH groups that were not oxidized during 

grafting, –SO3H groups, and the alkyl chains bonded to the silica. 

 

Figure 6. Graph depicting TG and DTA analyses of three different samples: MCM-41 (in blue), MCM-
SH (in black), and MCM-SO3H (in red). 

 

3.2.6 Raman Spectroscopy  

Through Raman and ATR spectroscopic analyses the surface properties of the silica matrices, 

before and after grafting, as well as the functional groups contained in them, were studied. 

Regarding Raman spectroscopy, in the graph shown in Figure 7, it can be observed that, while 

MCM-41 exhibits almost no detectable vibrations, the spectrum of MCM-SH shows a very 

intense signal at 2570 cm-1 attributable to the presence of thiol groups (–SH). This signal 

disappears following oxidation in MCM-SO3H, revealing the signal of sulfonic groups (–SO3H) 

at around 1050 cm-1. 



 

67 
 

  

Figure 7. Raman spectra of three samples: MCM-41 (in blue), MCM-SH (in black), and MCM-SO3H 
(in red). 

3.2.7. Attenuated Total Reflectance (ATR) infra-red spectroscopy 

ATR spectrum of MCM-41 presents the characteristic band of silica, in particular an intense 

and broad band centered at 1060 cm-1 related to the asymmetric stretching O–Si–O units, and 

other weaker signals at ~800 and 410 cm-1 attributable to symmetric stretching and bending 

modes of O–Si–O. 

In the ATR spectrum of MCM-SH (in Figure 8 a) there is a signal at around 2900 cm-1 

attributable to the C–H stretching of the aliphatic chains bonded to the material's surface. This 

signal becomes weaker and undefined after oxidation, also due to the presence of a larger 

amount of water, if compared to the other two samples. After grafting, in MCM-SH and MCM-

SO3H, two additional signals at 1240 cm-1 and 690 cm-1 are singled out, respectively attributable 

to the C–S vibrations of the functional groups. 

In the spectrum of commercial Biotin T ® (50% in water solution) only the signals of aliphatic 

chains, present in both DDAC and OIT molecules, are recognizable. The intense stretching 

mode of methyl and methylen groups below 3000 cm-1 and corresponding bending modes 

around 1460 cm-1 are evident in samples containing Biotin T ®, MCM-41-BT, and MCM-

SO3H-BT, confirming the effectiveness of the impregnation method (Figure 8 b). 

Differential spectra were obtained (in Figure 8 c), trying to do some consideration on the nature 

of interaction between surface and impregned molecules. For MCM-41-BT we observed that 
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impregnation consume the signal of isolated surface silanol, so we can suppose that for plain 

MCM-41 the impregnation mechanism involved, almost in part, the formation of H bond 

between isolated Si-OH and carbonyl of OIT. MCM-SO3H does not present free silanols, that 

were involved in grafting with MPTMS, and impregnation seems to consume part of H-

bonding. For sample containing Biotin T ® differential spectra evidence also modification of 

silica modes, probably related to a slight modification of material network. No consideration 

can be done on sulfonate groups, which signals are superimposed to intense silica mode. 

  
(a) (b) 

 
(c) 

Figure 8. (a) ATR spectra of three samples: MCM-41 (in blue), MCM-SH (in black), MCM-SO3H (in 
red); (b) ATR spectra of the impregnated samples MCM-41-BT (in green) and MCM-SO3H-BT (in 
pink) compared with the ATR spectra of Biotin T ® (in black) with highlighted the Biotin T ® related 
signal; (c) Differential spectra of the samples MCM-SH (in black) and of the impregnated sample MCM-
41-BT (in green) and MCM-SO3H-BT (in pink). 
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3.2.8. Scanning Electron Microscopy (SEM) and High-Resolution Transmission Electron 

Microscopy (HRTEM) 

The electron microscopy techniques (i.e., SEM and TEM) were employed to study the 

morphology and topography of the silica matrices. Figure 9 reports both SEM and TEM images 

referred to the MCM-41 mesoporous silica matrix. The SEM micrograph (section a) shows that 

the nanoparticles possess a spherical shape with an average size of around 500 nm. From the 

HRTEM micrograph (section b) it can be seen that this material has the characteristic short-

range-ordered mesoporous structure of hexagonal symmetry with alternating channels and 

siliceous network. The pore width, as determined from HRTEM micrographs is approximately 

3 nm. 

  

(a) (b) 

Figure 9. (a) SEM micrograph of the sample MCM-41; (b) HRTEM micrographs of the sample MCM-
41: the view of the material along the hexagonal axis. 

For MCM-SO3H, the SEM micrographs were coupled with an Energy-Dispersive X-ray 

Spectroscopy (EDS) analysis. Figure 10 reports the SEM micrograph of the sample (a) and the 

Map Sum Spectrum (b) confirming the presence of sulfur (S), besides oxygen (O) and silicon 

(Si); from the elemental mapping it can be noticed that S (e) is as homogeneously distributed 

as Si (c) and O (d); this suggests a correct dispersion of the grafting treatment along the material.  

Moreover, from the HRTEM micrograph (Figure 10 – f) both the hexagonal structure, also 

present in MCM-41, and the view perpendicular to the hexagonal axis can be identified. This 

characterization confirms that, even though the material underwent modification, the 

fundamental original structure has been preserved. 
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(a) (b) 

  

(c) (d) 

  
(e) (f) 

Figure 10. (a) SEM micrograph of the sample MCM-SO3H; (b) total EDS map sum spectrum; (c) EDS 
elemental mapping of Si; (d) EDS elemental mapping of O; (e) EDS elemental mapping of S; (f) TEM 
micrograph of the sample MCM-SO3H, showing the view both along (top) and perpendicular (bottom) 
to the hexagonal axis. 
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The SEM micrographs of sample MCM-41-BT were coupled with an EDS analysis as well. 

Figure 10 reports the SEM micrograph of the sample (a) and the total map sum spectrum (b) 

confirming the presence of chlorine (Cl), besides O and Si. From the elemental mapping, it can 

be noticed that chlorine is well distributed as Si (c) and O (d); this suggests a homogeneity in 

the impregnation treatment.  

From the HRTEM micrograph (Figure 11 – f) the characteristic MCM-41 structure can be 

identified, from the view perpendicular to the hexagonal axis. This characterization confirms 

that the fundamental original structure has been once again preserved. 

  

(a) (b) 

  

(c) (d) 
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(e) (f) 

Figure 11. (a) SEM micrograph of the sample MCM-41-BT; (b) EDS map sum spectrum; (c) EDS 
elemental mapping of Si; (d) EDS elemental mapping of O; (e) EDS elemental mapping of Cl; (f) TEM 
micrograph of the sample MCM-41-BT. 

Figure 12 shows the SEM (a), along with an EDS analysis (b-e), and the TEM (f) micrographs 

of sample MCM-SO3H-BT. From the elemental mapping, it is possible to see, besides Si (c) 

and O (d), the homogeneous distribution of S (e). In this case, the presence of Cl was not 

detected, probably due to its low amount in the sample: considering that Biotin T ® 

concentration in the matrix is 0.5 mL/g and that the DDAC molecule, containing Cl, is generally 

present at 40-60% in the product, the amount of DDAC in the analyzed sample would be around 

0.2-0.3%. Furthermore, the low elemental amount of Cl in the molecule must be considered. 

Therefore, it could be stated that the low amount of Cl is the main responsible for its absence 

in the EDS map. 

From the HRTEM micrograph (Figure 12 – f) the characteristic MCM-41 particle shape can be 

identified, suggesting that the fundamental original structure has been once again preserved. It 

is worth mentioning that in both impregnated samples, MCM-41-BT and MCM-SO3H-BT, the 

organic compounds of Biotin T ® cause interference, making the sample beam sensitive, and 

thus resulting in less defined HRTEM images. It was however possible to identify the material 

characteristic planes, which appear as pale parallel lines in the micrographs. 



 

73 
 

  

(a) (b) 

  

(c) (d) 

  
(e) (f) 

Figure 12. (a) SEM image of the sample MCM-SO3H-BT; (b) EDS map sum spectrum; (c) EDS 
elemental mapping of Si; (d) EDS elemental mapping of O; (e) EDS elemental mapping of S; (f) TEM 
image of the sample MCM-SO3H-BT. 
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In summary, from SEM, EDS, and TEM analyses it was possible to highlight that the 

functionalized silica matrix MCM-SO3H does not differ in structure from the original MCM-

41. Additionally, the –SO3H groups, identified through the S element, were successfully 

homogeneously distributed over the material. For what concerns the impregnated matrices 

MCM-41-BT and MCM-SO3H-BT, it was possible to notice the presence of Cl, representing 

the antimicrobial product Biotin T ®, that is didecyldimethylammonium chloride (DDAC) 

molecules. 

3.3. Study of the Release Systems 

After studying the properties of the silica nanocontainers, their performance was assessed 

through in vitro release tests to verify their capacity to deliver the biocide product. 

From UV-visible analysis, it was possible to determine, through the absorbance values of the 

molecule 2-octyl-2H-isothiazol-3-one (OIT), the concentration of Biotin T ® present in the 

various solutions at specific intervals over time, allowing for the evaluation of the effectiveness 

of the MCM-41 and MCM-SO3H matrices. 

From the graph in Figure 8 a, it can be observed that with MCM-41 the biocide is rapidly 

released into the solution with a percentage of ~22% within the first hour, maintaining a 

constant concentration for 15 days (360 hours).  

On the other hand, with MCM-SO3H, the concentration of Biotin T ® in the solution 

progressively increases over time, reaching ~38% after 15 days (360 hours). For this sample it 

was also carried out a 30-day sample: in this case, the concentration further increased to 46%. 

Thus, OIT is released in greater quantity and more gradually from MCM-SO3H compared to 

MCM-41, where, after a certain threshold the OIT concentration does not increase further but 

remains constant. 

Since a controlled release system is influenced by various factors, including pores size and 

shape and the chemical-physical interactions that can occur between the matrix and the active 

component, it is possible to hypothesize that MCM-SO3H offers a less ordered structure that 

favors the release of a greater quantity of biocide compared to MCM-41 (Figure 13 b, c). The 

porosity of the modified sample, which appears more heterogeneous with a certain percentage 

of smaller pores compared to those of the unmodified sample, probably explains the slower 

release kinetics in the initial phase. The less ordered porous structure, while controlling release, 

facilitates the diffusion of a greater amount of the active compound. Additionally, the release 

is influenced by the different nature of the nanocapsules: the weak interaction with the sulfonate 
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surface groups also promotes gradual release. They could interact through a hydrogen bond that 

may form between the hydrogen atom attached to the sulfonic groups and the numerous 

nonbonding electron pairs present on the ring of the OIT molecule. Another boost to the release 

is the increased affinity with the release medium, which in this case is aqueous. The surface of 

MCM-SO3H is certainly more compatible with the medium and therefore likely promotes the 

release of a greater quantity of the active ingredient. 

 
(a) 

  
(b) (c) 

Figure 13. (a) The concentration of Biotin T ® in aqueous solution over time; (b) 3D representation of 
the MCM-41 structure containing the two molecules composing Biotin T ®; (c) 3D representation of 
the MCM-SO3H structure containing the two molecules composing Biotin T ®. 
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Regarding the determination of the DDAC molecule, although it was not possible to quantify 

its concentration in the solution, the UV-visible absorbance spectra show a progressive increase 

in the absorption band intensity over time in the MCM-SO3H sample, which could justify a 

gradual release of the molecule from the matrix pores. 

4. Conclusions 

Within this work, a multifunctional silica NP-based matrix was successfully synthesized and 

functionalized that, due to its characteristics, allows the encapsulation and a gradual release of 

the commercial biocidal product Biotin T ®, commonly employed in the stone restoration field. 

The material is aimed to be suspended into a polymeric-based formulation as the principal 

component of an antimicrobial protective coating for stone surfaces. This work aims indeed to 

limit or prevent the growth of microorganism colonies on stone surfaces, preserving them from 

biodeterioration phenomena and minimizing the need for cleaning interventions. Additionally, 

the proposed approach is not only environmentally greener but also more sustainable for the 

health of the operators and economically. 

CRediT authorship contribution statement 

Andrea Campostrini: Formal analysis, Conceptualization, Data curation, Writing – original 

draft, Preparation, Visualization. Elena Ghedini: Conceptualization, Validation, Methodology, 

Writing – review & editing. Teresa Botrè: Formal analysis, Visualization. Sabrina Manente: 

Formal analysis. Alessia Giordana: Formal analysis, Investigation. Giuseppina Cerrato: Writing 

– review & editing. Giuseppe Cruciani: Formal analysis. Alex W. Robertson: Formal analysis, 

Writing – review & editing Michela Signoretto: Resources, Supervision, Writing – review & 

editing. Federica Menegazzo: Resources, Conceptualization, Supervision, Writing – review & 

editing. 

Acknowledgments: The authors would like to acknowledge Mr. Nicola Calderaro and Ms. 

Tania Fantinel for their practical contributions to this work. Andrea Campostrini finally would 

like to thank the “PON Ricerca e Innovazione 2014–2020”, “Fondo per la promozione e lo 

sviluppo delle politiche del Programma Nazionale per la Ricerca (PNR) 2021–2027”, and the 

restoration company Uni.S.Ve. S.r.l. of Venice (Italy) for financing his Ph.D. scholarship. 

  



 

77 
 

 

 

 

 

 

 

 

 

IV. 

MESOPOROUS SILICA AND VEGETAL EXTRACTS 

COMBINED AS SUSTAINABLE STONE HERITAGE 

PROTECTION AGAINST BIODETERIORATION 

Post-print version of the article published in Applied Microbiology and Biotechnology, 

Springer Nature, 2025, 109, 99, 1 -15. 

https://doi.org/10.1007/s00253-025-13475-5  

 

  

https://doi.org/10.1007/s00253-025-13475-5


 

78 
 

 
This work, or part of it, has been presented at the following scientific conferences: 

▪ Italian national conference “X Workshop Gruppo Interdivisionale Green Chemistry – 

Chimica Sostenibile: 1a Giornata Congiunta con la Divisione di Chimica Industriale” 

(Florence, October 6, 2023) – Essential oils and vegetal extracts as a greener alternative to 

antimicrobial products in the restoration of cultural heritage stone materials,  

A. Campostrini, P. Bosch-Roig, E. Ghedini, M. Signoretto, and F. Menegazzo 

▪ International PhD Academy at Venice International University (VIU): “Preserving and 

Safeguarding the Beauty of Cultural Heritage: Fundamentals, Methods and Applications of 

state-of-the-Art Diagnostic Tools Using Optical, X-Ray and Particle Probes”  

(Venice, November 06-10, 2023) – Safeguarding our Heritage stone materials: fighting 

biodeterioration with sustainable plant-based solutions, A. Campostrini, A. Sala-Luis,  

P. Bosch-Roig, E. Ghedini, M. Signoretto, and F. Menegazzo 

▪ 6th International Conference on Innovation in Art Research and Technology – InART2024” 

(Oslo, June 4-7, 2024) – Exploring Eco-Friendly Antimicrobial Solutions for Cultural 

Heritage Stone Conservation, A. Campostrini, A. Sala-Luis, P. Bosch-Roig, E. Ghedini,  

M. Signoretto, and F. Menegazzo 

▪ National conference of the Italian Chemistry Society “Chemistry: Elements of Future – 

SCI2024 – XXVIII National Congress” (Milan, August 26-30, 2024) – Sustainable 

biodeterioration prevention for Built Heritage stone surfaces: increasing essential oils 

antimicrobial features through encapsulation with SiO2-based NPs, A. Campostrini,  

A. Sala-Luis, P. Bosch-Roig, E. Ghedini, M. Signoretto, and F. Menegazzo 

▪ International conference “Ciencia y Arte: Ciencias y tecnologías aplicadas a la conservación 

del patrimonio” (Madrid, October 29-31, 2024) – Hidrogeles y enzimas para la eliminación 

de pigmentos fúngicos en mármol blanco de Carrara, J.A. Castañeda, P. Bosch-Roig,  

A. Sala-Luis, A. Campostrini, and G. Piñar 

▪ Research seminar “Patrimonio a rischio: sfide tra conservazione e cambiamento” (Venice, 

March 31, 2025) – Estratti naturali e nanomateriali per proteggere le superfici lapidee dal 

biodeterioramento, A. Campostrini 



 

79 
 

 
Part of this work was also published in ARCHÉ, n. 16-17-18 (2023), SEPARATA 25 AÑOS 

DEL IRP, ISSN 1887-3960 / 2445-1150, p. 106-109, Desarrollo de un recubrimiento sostenible 

elaborado por nanopartículas de sílice y biocidas naturales para la protección a largo plazo 

de superficies pétreas del patrimonio cultural frente al biodeterioro, P. Bosh Roig,  

A. Campostrini, and A. Sala Luis. 

 

Part of this work is going to be published also in Ambiente e patrimonio a rischio: sfide tra 

conservazione e cambiamento, Anteferma Ed., iNEST - Spoke 4 - Vol. 2.3, Chapter 5, Estratti 

naturali e nanomateriali per proteggere le superfici lapidee dal biodeterioramento,  

A. Campostrini, P. Bosch-Roig, A. Sala-Luis, E. Ghedini, S. Manente, M. Signoretto, and F. 

Menegazzo.  



 

80 
 

  



 

81 
 

Mesoporous silica and vegetal extracts combined as sustainable stone 

heritage protection against biodeterioration 
Andrea Campostrini a,b, Agustí Sala-Luis a, Pilar Bosch-Roig *,a, Elena Ghedini b, Michela Signoretto b, and 

Federica Menegazzo b 

a Instituto Universitario de Restauración del Patrimonio, Universitat Politècnica de València, Camí de Vera s/n, 46022 

Valencia, Spain 

b CatMat Lab, Department of Molecular Sciences and Nanosystems, Venice Ca’ Foscari University and INSTM RUVe, Via 

Torino 155, 30172 Venice, Italy 

*corresponding author: mabosroi@upvnet.upv.es  

Authors’ ORCID ID 
Andrea Campostrini: 0000-0002-9684-8510 – andrea.campostrini@unive.it  
Agustí Sala-Luis: 0000-0002-1310-7240 – agsalui@bbaa.upv.es  
Pilar Bosch-Roig: 0000-0003-2019-399X – mabosroi@upvnet.upv.es  
Elena Ghedini: 0000-0001-5789-8163 – gelena@unive.it  
Michela Signoretto: 0000-0002-0051-2968 – miky@unive.it  
Federica Menegazzo: 0000-0001-8023-6379 – federica.menegazzo@unive.it  

Abstract: Since biodeterioration is considered one of the main issues related to the conservation of 

cultural heritage stone materials, an investigation was conducted into preventive sustainable 

antimicrobial alternatives to protect the stone surfaces. The study focuses on using MCM-41 

mesoporous silica particles and vegetal extracts: the mesoporous materials act as nanocontainers 

encapsulating the extracts, which instead serve as green antimicrobic compounds to inhibit 

microbiological proliferation. In this way, the antimicrobial features of the extracts are sustained for a 

more extended period, reducing the evaporation rate and diminishing the quantity required; the amount 

necessary to achieve the minimum inhibitory concentration was reduced due to the decrease in 

evaporation. Moreover, since the MCM-41 can host a higher quantity of product than is necessary to 

exert the antimicrobial effect, the duration of activity is further prolonged, releasing the extracts over 

time. 
Specifically, the mesoporous particles were impregnated with the vegetal extract of limonene and the 

essential oils of thyme and oregano. In vitro microbiological tests were conducted on two fungi (i.e., 

Aspergillus tubingensis and Penicillium chrysogenum), taken as model microorganisms from real-case 

scenarios. 
A combination of mesoporous silica and vegetal extracts was employed to develop a protective coating 

for stone surfaces, and tests were conducted on marble mock-ups. 
The promising synergic results show that this system could be of interest for preventing microbiological 

growth over stone surfaces, avoiding a visible aesthetic impact, being non-toxic for the environment or 

the operator, and preventing the extract from evaporating but holding it for a controlled release. 

Key Points: 
▪ Green antimicrobial system using porous silica as nanocontainer for plant extracts 
▪ Encapsulated vegetal extracts to inhibit microbial growth on stone surfaces 
▪ Stable and efficient coating against fungal species in vitro and on marble mock-ups 

Keywords: Essential oils, Biodeterioration, Stone protection, Sustainable materials, Long-term effect, 

mesoporous MCM-41  
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Introduction 

The degradation of stone materials represents a significant concern in preserving cultural 

heritage and architectural structures [1,7,12,191]. Among the numerous factors contributing to 

this deterioration, microorganisms have emerged as a critical agent in the biodegradation 

process, both for outdoor and indoor scenarios [20,76]. Since biodeterioration is a critical issue 

in safeguarding Cultural Heritage materials, different techniques have been employed to limit 

or reduce it [81,116,217,280].  

Microorganisms, such as fungi, play a fundamental role in the biodeterioration of stone 

materials; their ability to colonize and thrive on the surface of stones is helped by organic 

matter, moisture, and favorable environmental conditions [33,281]. As microorganisms 

proliferate, the morphology of stone surfaces undergoes profound alterations. Surface pitting, 

chromatic alterations, and loss of structural cohesion are common manifestations of microbial 

biodegradation [204,282]. These alterations compromise the aesthetic and structural integrity 

of the stone materials, requiring extensive conservation measures. The study of the degradation 

of stone materials due to microbial activity represents a complex interplay of physico-chemical, 

biological, and environmental factors [22,244,283]. Addressing these challenges requires an 

interdisciplinary approach integrating microbiology, chemistry, environmental science, and 

conservation & restoration science. 

The intervention usually undertaken to deal with microbiological colonization over stone 

materials is related to cleaning treatments with biocides [219,284,285]. However, most of these 

products are toxic not only for the target organisms but also for the environment and the 

operator [84,246]. This led to an increasing interest in using natural substances: in recent years, 

the application of vegetal extracts, such as essential oils, has garnered attention as a promising 

strategy for combating microbial deterioration [56,62–64,74,286]. 

Vegetal extracts can derive from various plant sources and have long been employed for their 

diverse therapeutic properties. One of the notable advantages lies in their asserted fungicidal 

activity: their active molecules, such as terpenes and phenolic compounds, exhibit inhibitory 

effects on fungal growth and reproduction. They could, therefore, mitigate the risk of fungal 

colonization on various surfaces, including those of historical significance [65,68,71,101]. This 

action against fungi places vegetal extracts as versatile agents for conserving cultural heritage 

materials vulnerable to microbial threats [66,73,100,287]. 
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Vegetal extracts such as essential oils (EOs) are also applied in the cultural heritage field, 

especially for cleaning treatments or prevention. The volatile antimicrobial molecules present 

in essential oils constitute a distinct and potent array of compounds.  

Despite their features, using EOs in cultural heritage conservation is challenging. The concerns 

related to the potential alteration of artifact appearance, odor retention, operators’ exposures, 

and long-term stability require careful consideration in developing application protocols. 

Furthermore, the molecules with the highest antimicrobial action usually are the same and have 

high volatility; hence, the time efficacy of these products needs to be carefully considered. If 

volatility is not a problem for cleaning interventions since they can be trapped in cleaning 

poultices, it becomes an issue when dealing with preventive actions. To avoid evaporation, 

options for encapsulating EOs are proposed in the literature, such as embedding them in 

nanocarrier systems based on polymers (of different nature) or hydrogels. These systems have 

also been studied for applications in cultural heritage [249,288,289]. Another advantage of 

encapsulating EOs is the reduction of exposure for operators. Although their toxicity is 

considered low to moderate, some components of EOs can be toxic in high amounts 

[286,290,291]. Encapsulation can help reduce the possibility of direct contact with these 

substances for operators, thereby increasing worker safety [292,293]. 

Another promising way is to embed vegetal extracts in mesoporous matrices with a structure 

able to host substances, such as MCM-41 mesoporous silica. These materials are widely used 

in various applications, including coatings for cultural heritage materials [213,294–296]. 

Therefore, in this research, three vegetal extracts have been embedded in mesoporous SiO2 to 

study their antifungal preventive power. The investigated system aims to exploit the 

antimicrobial power of the extracts' active molecules, avoiding evaporation and color-related 

issues, thanks to mesoporous silica’s morphological ability to store and later release the 

antimicrobial vegetal extracts. Specifically, MCM-41 particles were employed to hold and 

release the vegetal extract of limonene and the essential oils of Origanum compactum and 

Thymus vulgaris.  

The decision on which silica nanocontainer to focus on was based on the diameters of the 

nanopores, which are approximately 3 nm for MCM-41 and, for instance, 6 nm for SBA-15 

[263,277,278]. Meanwhile, concerning the vegetal extracts, the choice fell on employing 

extracts, already tested by different authors in literature and employed in the conservation field, 

derived from plants highly diffused and endemic to the Mediterranean region in an optic of 
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environmental sustainability and availability from Spain and Italy, the two countries partners 

in this work [297–299]. 

Materials and methods 

MCM-41 Synthesis 

Mesoporous MCM-41 was synthesized using TEOS (Tetraethyl orthosilicate; CAS 78-10-4) as 

a silica source and hexadecyltrimethylammonium bromide (CTAB; CAS 57-09-0) as a template 

in NaOH (CAS 1310-73-2) basic solution. To reach a material with a pore diameter of ~4 nm 

the mixture was continuously stirred at 300 rpm for 3 h at 25 °C and crystallized in a Teflon 

autoclave at 75 °C for 70 h, keeping pH = 11 [300]. The mixture was then filtered, washed, 

dried at 25 °C for 20 h, and finally calcined in air (50 mL/min) at 510 °C (0.5 °C/min rate) for 

6 hours [301]. 

All the materials employed for this step were purchased from Sigma-Aldrich® (Merck Life 

Science S.r.l., Milan, Italy). 

Impregnation with vegetal extracts  

MCM-41 particles were impregnated, till the maximum of their absorption capability, by the 

Incipient wetness impregnation (IWI) method with the vegetal extract of limonene and the 

essential oils of Origanum compactum and Thymus vulgaris CT linalool, leading to a 

concentration of ~1.6 mL g-1, once dried at RT. Briefly, a known ammount of extract was 

poured on the silica powder and amalgamated with a glass spatula. In order to ensure optimal 

impregnation of the extract, a series of intermediate drying steps at RT were carried out. 

The limonene extract was donated by Commercial Xúquer (S.A.R.L.), Valencia, Spain. The 

essential oils Origanum compactum and Thymus vulgaris CT linalool were purchased from 

Pranarôm International (S.A.), Ghislenghien, Belgium (BE). Limonene is a pure component 

present in different Citrus spp. EOs [302], while oregano EO main component is carvacrol 

[303,304] and the main component of thyme EO is linalool, as indicated in the commercial 

product information [305,306]. 

Microbiological Sampling campaign 

Sampling campaigns have been conducted on real-case-built heritage stone materials in 

Valencia, Spain to select the microorganisms to be used,. Precisely, as shown in Figure 1, from 

marble parts of four statues from the Sculpture Museum of the Universitat Politècnica de 
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València, Vera Campus (MUCAES- UPV): Statue Homenaje a la Dra. Juana Portaceli, Statue 

Architectura del Silencio, Statue Homenaje a Manolo, Statue Torso H. (1989-2007). 

 

 
Fig. 1: Statues from MUCAES- UPV: Statue Homenaje a la Dra. Juana Portaceli  a , Statue 

Architectura del Silencio  b , Statue Homenaje a Manolo  c , Statue Torso H.  d , and pictures of the 

sampling campaign  e, f  

 

The samplings were executed by non-invasive methods, rubbing humid sterile cotton swabs on 

the stone surfaces [307]. The samplings were plated on Petri dishes with Sabouraud Dextrose 

Agar with Chloramphenicol (SDA, purchased from Sharlab, Barcelona, Spain). The Petri dishes 

were incubated at 28 °C for 3 days for initial mycelium development and then monitored until 

the fungal colonies' maturation (active and abundant sporulation).  

Fungal isolation and molecular identification 

Based on the morphological characteristics of the fungal colonies obtained from the stones, the 

two most frequent fungi were selected and isolated for this study. The selected fungi were let 

grow in pure culture with an SDA cultivation medium in an incubator (Binder INC, Bohemia, 
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EUA) at 28 °C for 3 days, reaching an optimal inoculation growth level with active sporulating 

conidiophores. 

Genomic DNA was purified from the pure cultures and stored on the Whatman FTA™ 

Indicating Card for fungal isolates by STAB Vida Lda. (Portugal). Fragments of the fungal 

rDNA gene containing the ITS and D1/D2 regions were PCR amplificated using an ITS5/LR6 

set of primers. FNA Sanger of the amplified products were aligned to generate consensus 

sequence and checked against the GenBank by BLAST of consensus sequence against NCBI 

database, applying a similarity score of ≥99.0%. Furthermore, the β-Tubulin genomic region 

has been sequence and analyzed as the gene of choice for species-level differentiation within 

Aspergillus and Penicillium genera, especially when the ITS (Internal Transcribed Spacer) 

region sequence alone is insufficient as a single marker to distinguish closely related species. 

First amplification and subsequent partial sequencing of the β-Tubulin gene (with bidirectional 

reads) were performed using the primers Bt2a (5’-GGTAACCAAATCGGTGCTGCTTTC-3’) 

and Bt2b (5’-ACCCTCAGTGTAGTGACCCTTGGC-3’) [308]. Then the sequences were 

compared using BLAST (Basic Local Alignment Search Tool) analysis [309] against the NCBI 

public reference database (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The percentages of 

similarity, the extent of overlapping fragments, and the names of microorganisms with the 

highest sequence identity were finally collected. Finally, the isolated strains used in this study 

were deposited in the CECT publicly accessible culture collection belonging to the WDCM. 

Minimal Inhibition Concentration Determination by Poisoned Food Technique 

The Poisoned Food Technique method was used to determine the Minimal Inhibition 

Concentration (MIC). The method is based on mixing, within the cultivation medium, fungal 

growth inhibitors or potentially toxic substances [281]. The medium was prepared by dissolving 

SDA powder in water (65 g/L) in the autoclave at 120 °C for 20 minutes in a flask and then 

poured into different falcon tubes. At this stage, different amounts of vegetal extract, free or 

encapsulated in the MCM-41 SiO2, were added to the falcon tubes to reach the desired extract 

concentrations (from 0.05% to 5% (v/v) – corresponding to ⁓0.45 mg/mL to ⁓45 mg/mL). The 

poisoned cultivation media were poured into Petri dishes (Ø = 55 mm). 

After medium solidification, a small circular inoculum (Ø = 6 mm) was cut from fresh, pure 

SDA fungal colonies and placed in the Petri disk’s center, making the colonized side of the 

circular inoculum touch the medium. They were hence incubated at 28 °C for 7 days, 

monitoring mycelium development: the presence of growth indicates that the tested product 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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concentration does not inhibit the microorganism's growth. Control tests were carried out with 

just SDA and with SDA with MCM-41 mesoporous nanoparticles (without vegetal extracts). 

All tests were performed in triplicate. Pictures were taken after 3 and 7 days to evaluate the 

antimicrobial efficacy with a Canon EOS M50 camera. To establish the growth inhibition, the 

diameter of colonies was measured using ImageJ, then the percentage of inhibition was 

calculated, as reported in Literature [310,311], using the formula (1): 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 (%) =
Ø𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − Ø𝑇𝑒𝑠𝑡

Ø𝐶𝑜𝑛𝑡𝑟𝑜𝑙
× 100 (1) 

 

Evaporation tests 

To evaluate the volatility of the active molecules composing the three vegetal extracts an 

evaporation test was carried out for each extract separately [312]: 100 µL of extract were placed 

in a Petri glass dish, keeping track of the weight loss over time with an analytical balance.  

The test was repeated in the same conditions, with the best-performing encapsulated extract, to 

evaluate the decrease in volatility after impregnation. Therefore, 1 g of MCM-41 mesoporous 

SiO2 was impregnated with 1600 µL of extract and then weighted over time. The weight 

measure was carried out before starting the evaporation test (T0) and then repeated at different 

periods (Tn), where n corresponded to every 3 minutes for the first hour, then every hour till 6 

hours, and later at 1-2-3-7-14-28 days. All data sets were processed with the software Origin 

2021 by OriginLab, Northampton, MA, USA. The percentage of evaporation was determined 

using the formula (2): 

𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 (%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝐸𝑂𝑠 𝑇𝑛 

𝑤𝑒𝑖𝑔ℎ𝑡 𝑇0 
× 100 (2) 

 

Data analysis 

Statistical analyses were conducted to summarize the data, including the calculation of means 

and standard deviations. All measurements and tests were performed in triplicate to ensure 

reliability and reproducibility. Outliers were identified and excluded to maintain data integrity. 

Microsoft Excel was used for data processing and computation to ensure accuracy and 

consistency in the results. 
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Coating on marble mock-ups 

To evaluate the applicative aim of the presented combination of vegetal extract and SiO2 MCM-

41, the impregnated particles were dispersed in a 1:1 mixture of glycerol and 96%ethanol. This 

solution was then applied at a rate of 2 L/m2 on the upper face of sterilized white Carrara and 

green marble mock-ups. 

The quantity of impregnated SiO2 varied to develop two coating formulations, resulting in 

coverage levels of 0.7 g/m2 or 7 g/m2 on 5×5 cm stone surfaces, corresponding to 0.1% (0.09 

mg/mL) or 1% (0.9 mg/mL) of plant extract. These formulations were therefore named COT-

01 (0.1% vegetal extract and SiO2 MCM-41) and COT-1 (1% vegetal extract and SiO2 MCM-

41). While the ratio of plant extract to SiO2 was maintained constant, the amount of impregnated 

SiO2 in the coating formulations was varied (17 mg/mL or 170 mg/mL). 

Microbiological test over coated marble mock-ups 

To evaluate the antimicrobial activity of the treatment with the impregnated MCM-41 SiO2, the 

coated mock-ups were placed in some sterile cylindric recipients where SDA growth medium 

was poured till reaching the mock-up surface level. Once the medium was solidified, it was 

inoculated with fungal spores and covered the cylinder with a cotton lid to let oxygen pass 

through. The cylinders were incubated at 28 °C for 3 days for initial mycelium development 

and then monitored at Room Temperature (RT) for 60 days with a Canon EOS M50 camera. 

 

Results 

 Microbiological Sampling campaign and fungi identification 

The sampling campaign led to the selection of two fungi as model microorganisms, 

distinguished by their appearance: a black fungus (Figure 2a) with white hyphae and black 

spores, and a green fungus (Figure 2b) with white hyphae and green spores. Initially, 

morphological identification using optical microscopy classified them as Aspergillus sp. and 

Penicillium sp., respectively. Subsequently, molecular sequencing confirmed their species as 

Aspergillus tubingensis CECT 21302, showing 99.82% similarity (554/555 bp) with sequence 

HQ632707 (reference strain IHEM 13662) and 99.80% similarity (507/508 bp) with sequence 

EF661086 (type strain NRRL 4875), and Penicillium chrysogenum CECT 21303 exhibiting 

100% similarity (477/477 bp) with sequence MZ078823 (strain 426E). 

The selected and isolated microorganisms were molecular sequencing and therefore identified 

as Aspergillus tubingensis (CECT 21302) and Penicillium chrysogenum (CECT 21303).  
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It is worth mentioning that both Penicillium sp. and Aspergillus sp. are two of the most common 

fungal genera found when dealing with the biodeterioration of stone surfaces; therefore, they 

have been selected for this study. 

 

 
Fig. 2: Pictures of the pure colonies of the two model microorganisms taken as reference for this 

study: Aspergillus tubingensis (CECT 21302) (a  and Penicillium chrysogenum (CECT 21303) (b  

 

 

Minimal Inhibition Concentration Determination by Poisoned Food Technique 

Minimal Inhibition Concentration (MIC) can be defined as the minimum amount of 

antimicrobial required to get a total inhibition. The Poisoned Food Technique determined MIC; 

first, free vegetal extracts were studied and, afterward, compared with their use encapsulated in 

the MCM-41 mesoporous silica matrix. 

Figure 3 presents the pictures of the test results carried out on the free vegetal extracts, whereas 

Table 1 reports the relative average percentage of fungal inhibition, measured by the given 

formula. 

Concerning the results obtained with the free oregano essential oil (OEO) with both fungi, it 

was noticed that with a concentration of 0.1% or higher, there was no fungal development over 

the Petri dish. A test with a lower concentration of 0.05% was also conducted; in this case, 

mycelium development was instead noticed. The free oregano EO MIC was therefore set at 

0.1%. 
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Fig. 3: Pictures of the two reference fungi A. tubingensis  a  and P. chrysogenum  b  grown on an 

SDA medium with free vegetal extracts in different concentrations, following the poisoned-food 

technique. Highlighted in green is the relative Minimum Inhibitory Concentration (MIC) 

Table 1 – Percentage fungal inhibition of A. tubingensis and P. chrysogenum following the poisoned-

food technique with free vegetal extracts 
  Concentration of EO 
  0.05% 0.1% 0.5% 1% 5% 

A. tubingensis Oregano EO 29% 100% 100% 100% nd 
Thyme EO 0% 11% 79% 100% nd 
Limonene extract 0% 0% 0% 0% 84% 

P. chrysogenum Oregano EO 68% 100% 100% 100% nd 
Thyme EO 33% 68% 100% 100% nd 
Limonene extract 57% 68% 77% 79% 88% 

The samples’ average SD was < 1.5% 
nd no data 
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For what concerns free thyme EO (TEO), for the A. tubingensis, complete inhibition was 

reached at a higher concentration, equal to 1%. It can be observed that at a concentration of 

0.5%, partial inhibition of the mycelium development is present. For P. chrysogenum, complete 

inhibition was set at 0.5%, and at 0.1%, partial inhibition was instead observed. 

Partial inhibition might prevent a high spread of microorganism over the surface but will not 

lead to an acceptable solution over time. The free thyme EO MIC was thus set at 0.5% for P. 

chrysogenum and 1% for A. tubingensis. 

Finally, concerning the free limonene extract results, it was noticed that none of the 

concentrations previously studied successfully inhibited fungal growth. Therefore, the extract 

concentration was further increased to 5%. In this case, a delay in mycelium development was 

observed only for A. tubingensis. Nevertheless, it was insufficient to inhibit fungal growth 

totally. The concentration was not further increased since it would lead to a remarkably high 

amount of vegetal extract. Furthermore, it was possible to notice that the volatile components 

released by the limonene extract were degrading the Petri dishes' plastic lids, making them 

permanently opaque. 

Figure 4 presents the test results on the vegetal extracts encapsulated in the MCM-41 

mesoporous silica particles, whereas Table 2 reports the relative average percentage fungal 

inhibition. 
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Fig. 4: Pictures of the two reference fungi A. tubingensis  a  and P. chrysogenum  b  grown on an SDA 

medium with vegetal extracts encapsulated in the MCM-41 SiO2 in different concentrations, following 

the poisoned-food technique. Highlighted in green is the relative Minimum Inhibitory Concentration 

(MIC). 

Table 2 – Percentage fungal inhibition of A. tubingensis and P. chrysogenum following the poisoned-

food technique with encapsulated vegetal extracts in MCM-41 SiO2 
  Cencentration of vegetal extract 

  0.05% 0.1% 0.5% 1% 
A. tubingensis MCM-41 + Oregano EO 100% 100% 100% 100% 

MCM-41 + Thyme EO 15% 29% 100% 100% 
MCM-41 + Limonene extract 0% 0% 13% 38% 

P. chrysogenum MCM-41 + Oregano EO 100% 100% 100% 100% 
MCM-41 + Thyme EO 58% 90% 100% 100% 
MCM-41 + Limonene extract 46% 63% 64% 83% 

The samples’ average SD was < 1.5% 
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Regarding the encapsulated oregano EO, at the concentration of 0.1%, previously identified as 

MIC for the non-encapsulated system, no fungal development was observed for either A. 

tubingensis or P. chrysogenum. The concentration was therefore halved to 0.05%, which again 

did not let the fungi develop in the poisoned medium. Thus, the MIC for the encapsulated 

oregano EO was set at 0.05% for both fungi. 

Equivalent results were obtained for the encapsulated thyme EO, for which fungal growth was 

not noticed at concentrations of 1%. Considering the halved concentration obtained with the 

encapsulated Oregano EO, an encapsulated thyme EO concentration of 0.5% was evaluated. 

This concentration was enough to totally inhibit mycelium development in the Petri for both 

fungi. Tests at the lower concentrations of 0.1% and 0.05% were also conducted; in this case, 

after 7 days, fungal growth was observed. Therefore, the encapsulated thyme EO MIC was set 

at 0.5% for both fungi. 

Regarding the tests conducted with the particles holding the limonene extract, the fungal growth 

was visible in all the evaluated concentrations; therefore, it was not possible to determine the 

MIC neither for the encapsulated limonene extract. However, comparing the results obtained 

from the free extract, it is possible to notice that for A. tubingensis (CECT 21302), at the 

concentration of 1%, the mycelium development and the spore formation are delayed in the 

encapsulated sample. Concerning instead the P. chrysogenum (CECT 21303), a reduction in 

the overall fungal development is visible proportionally to the increase of the extract 

concentration; another interesting detail is that the Petri dishes of the encapsulated sample are 

not opaque, suggesting a higher retention of the volatile molecules by the MCM-41 mesoporous 

particles. 

The control tests with the two fungi growth in SDA alone or with SDA and MCM-41 

mesoporous SiO2 without vegetal extract showed a complete Petri dish growth after 3-7 days 

incubation at 28ºC. 

In summary, as described in Table 3, the MIC for oregano EO is 0.1% (9 mg/mL) when free 

and 0.05% (4.5 mg/mL) when encapsulated; the MIC for thyme EO is 0.5% (42.5 mg/mL) both 

free and encapsulated; and finally, the MIC for Limonene was not possible to be identified with 

the parameters employed in this study, nor when free nor encapsulated. 
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Table 3 – Minimal Inhibition Concentration (MIC) of the three vegetal extracts for the studied 

microorganisms 

 A. tubingensis 
(CECT 21302) 

P. chrysogenum 
(CECT 21303) 

Origanum compactum EO 0.1 % 0.1% 
Origanum compactum EO + MCM-41 0.05% 0.05% 

Thymus vulgaris CT linalool EO 1 % 0.5% 
Thymus vulgaris CT linalool EO + MCM-41 0.5% 0.5% 

Limonene extract > 5% > 5% 
Limonene extract + MCM-41 > 1% > 1% 

Overall, considering the in vitro results and the obtained MIC, the best performing vegetal 

extract resulted be Origanum compactum EO, which encapsulated in the mesoporous MCM-41 

SiO2 showed very promising results and was therefore selected for the test on marble mock-up 

surfaces. 

Evaporation tests 

Figure 5a shows the evaporation curves of the free vegetal extracts over 28 days. It can be 

noticed that limonene extract and thyme EO have a similar evaporation trend; within the first 

hours, they both almost reach complete evaporation, whereas free oregano EO has a slower 

trend, going beyond 95% after around 14 days and reaching 100% after 28 days. In Figure 5b, 

the curves of the free oregano EO (Free OEO) are compared with the encapsulated in the 

mesoporous MCM-41 SiO2 (MCM-OEO); it can be noticed that the oregano EO evaporation is 

reduced by around 30% after 28 days, the mesopores of MCM-41 can indeed trap the volatile 

molecules of the EO and prolongate the evaporation time. 

 
Fig. 5: Graph reporting the evaporation curves of the three free vegetal extracts  a  and comparison 

between the evaporation curve of free and MCM-41 SiO2 encapsulated oregano essential oil  b  
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Microbiological test on coated marble mock-ups 

The fungal growth on the uncoated marble mock-ups was abundant for both fungi, presenting 

mycelium in the vegetative state expanding over the surface. Figure 6 illustrates this 

phenomenon, particularly visible in the white marble mock-ups. 

 
Fig. 6: Pictures of the white marble mock-ups  a, b, c  and the green marble mock-ups  c, d, f  before 

 a, d  and after being colonized by the fungi A. tubingensis  b, e  and P. chrysogenum  c, f . Pictures 

were taken after one month from inoculation. 

For clarity, the results obtained from the mock-ups treated with the two coatings (i.e., COT-01 

and COT-1), containing MCM-41 mesoporous SiO2 and Origanum compactum EO, will be 

reported starting from those of COT-01 (with 0.1% EO) and following with those of COT-1 

(with 1% EO). 

The test conducted with the A. tubingensis showed that, after two months, the surfaces treated 

with COT-01 were partially colonized by the fungi (Figure 7b), particularly visible on the white 

marble, where dark little dots on the surface, likely spores in a germination state, were observed. 

Comparable results were observed with P. chrysogenum, where the COT-01 coating was once 

again insufficient to inhibit fungal growth (Figure 7c), particularly visible on the green marble 

mock-up where the white hyphae had no trouble colonizing the surface. It is also interesting to 
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notice that the free oregano EO, according to the evaporation curves, has fully evaporated in 

one month. However, when encapsulated, it persists for a longer period, at least twice as long, 

according to these tests conducted on the samples over two months. 

On the other hand, the COT-1 coating, which contained more EO-impregnated MCM-41, was 

more effective in preventing fungal colonization. Specifically, regarding A. tubingensis, it can 

be observed that the fungi are confined on the agar on the side of the mock-up (Figure 7e). As 

for P. chrysogenum, there is an overall reduction in colonization on the surface (Figure 7f); 

however, a greenish patina can be seen on the sides of the mock-ups, especially on the white 

marble one. 

 
Fig. 7: The white Carrara marble (upper) and green marble (lower) mock-ups treated with the coating 

COT-01 and further colonization by A. tubingensis  a  and P. chrysogenum  b ; and the white Carrara 

marble and green marble mock-ups treated with COT-1 and further colonization by A. tubingensis  c , 

and P. chrysogenum  d ; pictures were taken after 60 days. 

 

Discussion 

The antimicrobial inhibitory potential of three plant extracts (limonene, Origanum compactum, 

and Thymus vulgaris) was evaluated when free or encapsulated in mesoporous MCM-41 silica 

(SiO2), determining the plant extracts evaporation rate and Minimal Inhibition Concentration 

(MIC) against two fungal strains (Aspergillus tubingensis and Penicillium chrysogenum) 

isolated from real-case stone heritage materials.  

The results indicated that encapsulation of the extracts led to a reduction in the MIC or the 

general growth of the fungi; it is, in fact, known from the literature that encapsulating such 
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vegetal extract can increase its antimicrobial activity [57,58,72,313]. Specifically, embedding 

the oregano essential oil into the MCM-41 mesoporous SiO2, a halving in the MIC of the studied 

fungi was noticed. Overall, oregano essential oil exhibited the most favorable performance at 

the lowest concentration, thanks to its established antimicrobial ability (Plati and 

Paraskevopoulou, 2022; Milagres de Almeida et al., 2023). Subsequently, an evaporation test 

on the MCM-41 impregnated with oregano EO was conducted, and the result was a reduction 

in the evaporation time. The outcomes suggest a correlation between volatility and antifungal 

activity: it is known that volatile molecules contribute to the antimicrobial efficacy of the 

extracts [68,314]. Therefore, encapsulation within the silica matrix diminishes evaporation and 

enhances the antimicrobial activity, suggesting prolonged efficacy over time, as already 

mentioned in literature in other fields of application [103,107,315]. Indeed, the free oregano 

EO showed the slowest evaporation rate, further diminishing when encapsulated. This 

phenomenon can be easily linked to the MCM-41 silica ability to physically hold the active 

compounds into its ordered porous structure and later gradually release them [300]. 

Consequently, oregano EO encapsulated in mesoporous MCM-41 silica (SiO2) was 

subsequently tested on white and green marble mock-ups as the principal antifungal preventive 

component of coatings treatments at two concentrations (0.1% and 1%).  

In the in vitro test, the growth medium was treated with the extracts, effectively inhibiting 

fungal growth. In contrast, for the test on marble mock-ups, only Sabouraud Dextrose Agar 

(SDA) with Chloramphenicol was applied around the mock-ups, providing a fertile 

environment for fungal proliferation. Therefore, the quantity of EO-encapsulated MCM-41 in 

the coatings was adjusted to achieve an oregano EO concentration matching the MIC of free 

oregano (0.1%) and a higher concentration (1%).  

Therefore, two coating bases were developed, COT-01 and COT-1, depending on the 

concentration of MCM-41 impregnated with oregano EO corresponding to 0.1% and 1% of free 

oregano EO, starting from a coating base made of a mixture of glycerol and ethanol, as 

previously studied by the authors (Lamuraglia et al., 2023).  

The coating COT-01 was insufficient to inhibit fungal growth, whereas the coating COT-1 

showed better efficacy in limiting microbiological proliferation. This disparity can be attributed 

to the distribution and concentration of MCM-41 particles within the coatings. In COT-01, the 

SiO2 particles may need to be adequately spaced or uniformly dispersed across the surface. 

Conversely, the COT-1 coating contained more impregnated MCM-41, resulting in elevated 
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antimicrobial activity. Overall, the quantity of SiO2 employed in COT-1 proved sufficient to 

limit fungal proliferation on the marble surfaces.  

The difference between in vitro (MIC 0.05%) and “in vivo” results (MIC 1%) can be explained 

by underlining the difference in the two systems: in the in vitro test, the impregnated SiO2 was 

directly dispersed in the cultivation medium where a 6 mm diameter fungal inoculum was 

physically placed, whereas in the “in vivo test” the impregnated SiO2 used in the coatings 

needed to inhibit the growth of a higher amount of fungal colonies, since the cultivation medium 

around the stone mock-up was not “poisoned” and therefore the fungi had no problem in 

proliferating there. 

This study highlights the potential of mesoporous MCM-41 silica encapsulating vegetal extracts 

as a sustainable and effective solution for inhibiting microbiological growth on cultural heritage 

stone surfaces. Impregnating these mesoporous particles with limonene, thyme, and oregano 

extracts reduced the Minimal Inhibition Concentration (MIC) required to prevent fungal 

proliferation, indicating enhanced antimicrobial efficacy. Moreover, the encapsulation process 

mitigated evaporation rates, prolonging the duration of antimicrobial activity while minimizing 

the quantity of extract needed [61,316]. The results with oregano essential oil (EO) were 

particularly promising, demonstrating the most favorable performance regarding antimicrobial 

activity and evaporation rate reduction. 

Further tests conducted on marble mock-ups, similarly shown in literature by Ramadan S. [317], 

confirmed the efficacy of MCM-41 mesoporous SiO2-encapsulated oregano EO as a component 

of the base of the protective coatings. The coating containing 1% oregano EO (COT-1) 

exhibited superior antimicrobial activity compared to 0.1% (COT-01). The disparity in 

effectiveness between coatings with different concentrations can be attributed to variations in 

distribution, the quantity of impregnated particles, and the related quantity of plant extract. 

Coatings with a higher concentration of impregnated MCM-41 demonstrated better 

antimicrobial performance, underling the importance of uniform dispersion across the surface. 

The findings suggest that the combination of MCM-41 mesoporous SiO2 and vegetal extracts 

holds significant promise for inhibiting microbiological growth on stone surfaces, offering a 

sustainable alternative to traditional antimicrobial treatments. Even though mesoporous 

materials technology is highly studied in other fields, such as the pharmaceutical one [318–

320], its employment in combination with natural extracts and its application in conservation 

science is still a novelty. In fact, in the literature, a lot of recent works related to the use of 
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essential oils for their antimicrobial features can be found. Nevertheless, the field of application, 

the aim, or the release system employed (if present) is different. A.P. Santo [62], in their paper, 

use essential oils to contrast biodeterioration on marble, showing how EOs can be employed as 

sustainable biocides with similar efficiency in comparison with traditional products. However, 

the EOs are employed for cleaning interventions: the antimicrobial action is not aimed to last 

for a long period. Other authors have also studied similar applications, such as M. Spada [65] 

or R. Candela [71]. The encapsulation of EOs is presented by G. Granata [287], M. Kapustová 

[321], or by F. Plati [60] employing polymer-based nanocapsules to host essential oils, for 

application mainly in the alimentary field. Meanwhile, I. Romano [69] presents the use of 

polymer-encapsulated EOs in the field of stone cultural heritage. However, the latter 

nanostructured materials are totally different from the one presented in this study since they are 

not aimed for a long-term release apart from their different chemical and physical 

characteristics. The same can be said for the study presented by R. Ranaldi [74] which 

employed EOs in hydrogel suspensions for the restoration of stone cultural heritage. 

This approach addresses the critical issue of biodeterioration in cultural heritage conservation, 

which, as previously described, is one of the main issues to deal with in a restoration 

intervention [75] and presents opportunities for broader applications in architectural 

preservation and restoration efforts. Further research into optimizing the coating formulation 

and application techniques will be considered for future steps of this work. 
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Abstract 

Stone materials have historically been employed as construction resources due to their exceptional 

strength and durability. However, their exposure to outdoor environments results in gradual decay 

caused by chemical, physical, and biological agents. Among these, biodeterioration poses a significant 

threat to the conservation of architectural artifacts. Preventive actions, such as the application of 

protective coatings, are crucial to mitigate these degradation phenomena. 

This study aims to formulate a hybrid protective coating by combining titanium dioxide (TiO2) 

nanoparticles with mesoporous silica (SiO2) MCM-41 nanocontainers impregnated with Origanum 

compactum essential oil (EO), offering the synergy of antimicrobial and photocatalytic properties. 

Different TiO2/SiO2 materials were synthesized and characterized by N₂ physisorption, SEM-EDS, and 

HRTEM to evaluate their structural properties and the TiO2 dispersion. Photocatalytic activity was 

evaluated in liquid to assess the best-performing TiO2/SiO2 composite material. The latter was employed 

to hold the Origanum compactum EO and it was, finally, introduced in a hybrid hydrogel composed of 

chitosan and a mixture of silicon alkoxides (MTES and TEOS) to formulate the protective coating. The 

coating’s features were thus evaluated by assessing hydrophobicity, water permeability, colorimetry, and 

antimicrobial efficacy of the product, once applied to stone mock-ups. The proposed hybrid coating 

represents a multifunctional, eco-friendly solution for protecting stone architectural materials. 

Combining antimicrobial and self-cleaning functionalities, it provides a sustainable approach to 

preserving cultural heritage, while minimizing environmental impact and operator risks. 

Keywords: Silica nanocontainers, Titanium dioxide (TiO2), protective coating, antimicrobial, hybrid 

hydrogel 
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1. Introduction 

Stone materials, such as granite, limestone, sandstone, and marble, are widely used in the 

construction and architectural sector due to their durability and aesthetic properties. However, 

these materials are prone to degradation mainly caused by several weathering mechanisms: 

mechanical, chemical, and biological agents can lead to structural and aesthetic deterioration 

[7,12,42]. The protection of stone surfaces is therefore critical, especially for those exposed 

outdoors [322]. In this context, protective coatings play a crucial role in avoiding direct contact 

with the substrate and enriching the surface with innovative useful features [123]. Ideally, 

protective coatings should be durable, transparent, non-toxic for the operator, sustainable, and 

hydrophobic while permeable to water vapor [18,116,117,122]. Water indeed is one of the 

principal factors that lead to several deterioration phenomena; among these, surely 

biodeterioration plays a crucial role [13,20]. For this reason, another interesting aspect that a 

protective coating might have is the ability to inhibit microbiological growth [37,246].  

Recent advancements in nanotechnology have led to the development of innovative coatings, 

based on nanostructured materials, that enhance the self-cleaning and protective properties of 

treated surfaces [82,115,134,253]. An example is titanium dioxide (TiO2) which is a well-

known photocatalyst with excellent photocatalytic and self-cleaning properties, making it 

suitable for stone protection [150,154,177,216,218]. Strictly linked to its photocatalytic activity, 

it has also been investigated for its antimicrobial properties in several fields of application 

[153,163,212,323]. Nevertheless, due to its white coloration, its application in the cultural 

heritage field is still challenging. 

Another interesting sustainable way to combat biodeterioration is the use of natural substances, 

such as essential oils (EOs) [56,61,80,288]. Their wide and high concentration of active 

molecules makes them good candidates to act as antimicrobial agents against the 

microorganisms that easily proliferate on stone surfaces [46,75]. Nevertheless, the high 

volatility of their active molecules and the color stain they can leave on the surface limited their 

use to cleaning interventions maintaining a short time of contact with the substrate and possibly 

not exploiting their full potential. In this sense, different ways for their embedment into 

nanostructured matrices or polymers have been studied for applications in the industrial 

pharmaceutical field, whereas their use in restoration is still a developing novelty 

[58,67,275,295]. 
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In this regard, nanocapsules of ordered mesoporous silica (SiO2) are a perfect candidate. 

Mesoporous materials are in fact known for their ability to interact with ions and molecules on 

both their external and internal surfaces, making them able to encapsulate and later release an 

active [145,267,268]. For this feature, they are highly investigated in several fields of 

application, especially as drug delivery systems (DDS). These materials are produced through 

the self-assembly of surfactants, which mold the inorganic component and are characterized by 

an ordered mesostructure, high surface area, and well-defined properties, making them ideal for 

encapsulating molecules of all kinds, from proteins to drugs to biocides [289]. Mesoporous 

silicas, such as MCM-41, are highly efficient matrices in the design of controlled release 

systems due to characteristics like pore size and ordered structure [145,277]. 

This study focuses on the development of a novel hybrid protective coating based on 

mesoporous silica MCM-41 nanocontainers, enriched with TiO2 and loaded with Origanum 

compactum essential oil. These materials would be then embedded in an organic-inorganic 

hybrid matrix composed of chitosan and a mixture of silicon alkoxides (methyltriethoxysilane 

and tetraethylorthosilicate). The proposed formulation maximizes the beneficial properties of 

each individual component while minimizing potential side effects that may occur when used 

separately. In fact, the formulation would be able to exploit the photocatalytic activity of titania, 

while also harnessing the encapsulation of a natural antimicrobial compound thanks to the 

mesoporous silica, avoiding undesired color, evaporation, or health-related issues.  

 

2. Materials and Methods 

The protective coating was developed through a multi-step process, beginning with the 

synthesis of mesoporous silica (MCM-41), the subsequent impregnation with titanium dioxide 

(TiO2) nanoparticles and essential oil of oregano, and finally the formulation of the hybrid 

hydrogel matrix. 

2.1 Synthesis of MCM-41 

The synthesis of silica mesoporous particles MCM-41 was performed using a procedure 

previously reported by the authors [300,324,325]. Briefly, MCM-41 was synthesized using 

tetraethyl orthosilicate (TEOS) as a silica source in an alkaline medium with 

hexadecyltrimethylammonium bromide (CTAB) as a template in NaOH basic solution. The 

molar ratio of the reagents is 1 SiO2 : 0.12 CTAB : 0.53 NaOH : 590 H2O. The mixture was 
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stirred, aged, and then calcined at 510 °C with a rate of 0.5 °C/min in flowing air (50 mL min-

1) for 6 hours to remove the template and achieve the mesoporous structure. 

All the materials employed for this step were purchased from Sigma-Aldrich® (Merck Life 

Science S.r.l., Milan, Italy). 

2.2 Impregnation with titanium dioxide 

The incipient wetness impregnation (IWI) method was employed to load MCM-41 with 20 

wt.% TiO2 [326,327] The IWI was performed using three commercially available TiO2 samples: 

Evonik P25, usually regarded as benchmark photocatalyst [328], Kronos VLP, and Mirkat 211. 

The main features of these three materials are reported in Table 1 [329]. 

The TiO2-enriched MCM-41 samples were respectively labelled as MP (MCM-41 with Evonik 

P25 TiO2), MM (MCM-41 with Mirkat 211 TiO2), and MK (MCM-41 with Kronos VLP TiO2), 

and were then characterized to assess their structural integrity and surface properties. 

Table 1 – Textural properties of commercial titania samples 

Sample 
Specific 

surface area 
(m2 g-1) 

Pore size 
range 
(nm) 

Pore volume 
(mL g-1) 

Crystallite 
size (nm) 

Band 
gap (eV) 

Crystal 
phase 

Evonik P25  52 4-80 0,13 40 3.15 Rutile and 
anatase 

MIRKAT 211 217 4-10 0,27 11 3.25 Anatase 

KRONOS 
VLP 

269 4-10 0,30 15 3.21 Anatase 

 

2.3 Impregnation with oregano essential oil and TiO2  

The MCM-41 mesoporous silica was first impregnated by the Incipient Wetness Impregnation 

(IWI) method with the Origanum compactum essential oil (EO), leading to a concentration of 

1.6 mL g-1, once dried at T < 30 °C. The O. compactum essential oil was purchased from 

Pranarôm International (S.A.), Ghislenghien, Belgium (BE), and chosen for its antimicrobial 

and biocide properties [330–332]. The material was thus labeled as MO. 

The material was then further impregnated with 20 wt.% of Evonik P25 TiO2, following the 

same procedure previously described. The sample prepared was thus labeled as MOT (MCM-

41 with oregano EO and Evonik P25 TiO2). Evonik P25 was selected for this formulation since 

it is the material which presented the highest photocatalytic activity also when combined with 

MCM-41 SiO2. 
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2.4 Formulation of protective coating 

A hybrid organic-inorganic hydrogel was selected as the best-suiting matrix for supporting the 

MOT material. For the organic component, the attention was focused on the use of the 

biopolymer chitosan, whereas for the inorganic part, a mixture of 70:30 of 

methyltriethoxysilane (MTES) and tetraethylorthosilicate (TEOS) was employed as SiO2 

source in the sol-gel process (Figure 1). 

 
Figure 1: Chemical structures of TEOS (a), MTES (b), and chitosan monomer (c) 

 

For this preparation, 0.7 mL of MTES and 0.3 mL of TEOS were mixed in 4 mL of CH3COOH 

0.1 M solution with two drops of 0.2 M HCl, acting as the gelation catalyst. Then it was 

subjected to ultrasonic treatment for 40 minutes to initiate hydrolysis and condensation 

reactions. 40 mg of MOT was then added, and the suspension was ultrasonicated for 1 hour. In 

parallel, 30 mg of chitosan powder was dissolved in 3.5 mL of CH3COOH 0.1 M solution, 

where 1 mL of HCl 0.4 M was added to act as a gelation catalyst. The chitosan solution was 

stirred at 800-900 rpm for 1 hour until complete dissolution. 

Finally, the MTES-TEOS mixture containing MOT was added to the chitosan solution. The 

resulting formulation was stirred at 300 rpm for 30 minutes to ensure interaction between the 

silica network and the chitosan. This process resulted in the formation of the hybrid hydrogel 

protective coating.  

The final formulation was then labeled as C-MOT. 

As a reference for C-MOT, hydrogels were prepared using only MO, MP, and without any 

mesoporous SiO2. These three formulations were therefore labeled C-MO, C-MP, and C, 

respectively. 

For clarity, the different coating formulation components are summarized in Table 2. 

 

               

c. 
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Table 2 – Composition of the different coating formulations, where the full dot (●) represents the 

presence of the component, whereas the empty one (○) represents its absence. 

Coating name 
Hydrogel chitosan/MTES-

TEOS 
MCM-41 

Origanum compactum 
EO 

TiO2 

C ● ○ ○ ○ 
C-MO ● ● ● ○ 
C-MP ● ● ○ ● 

C-MOT ● ● ● ● 
 

2.5 Characterization of the SiO2-TiO2 samples 

2.5.1 N2 physisorption technique  

Nitrogen physisorption technique was employed to study specific surface areas and pore size 

distributions of the materials by evaluating N2 adsorption/desorption isotherms at -196 °C using 

a Tristar II Plus Micromeritics instrument. The samples underwent a pre-treatment at 200 °C 

before the analysis. The surface area was calculated using the B.E.T. method, whereas pore size 

distribution was determined by the B.J.H. method, applied to the N2 desorption branch of the 

isotherm. For all the surface area data the error reported is lower than 2%. 

2.5.2 Electron microscopy techniques 

Scanning Electron Microscopy (SEM), coupled with Energy Dispersive X-ray Spectroscopy 

(EDS), and High-Resolution Transmission Electron Microscopy (HR-TEM) analyses were 

employed to study the morphological modification of the silica matrices, to study the 

nanostructured pores’ dimensions, and to confirm the effective addition of the TiO2. The 

analyses were conducted using a Zeiss Gemini SEM equipped with an Oxford Instruments SDD 

EDS detector and a JEOL 2100 HRTEM with a Gatan OneView detector. SEM images were 

gained at an accelerating voltage of 5 kV with the secondary electron detector, while EDS maps 

were captured at an accelerating voltage of 10 kV. SEM sample preparation involved spreading 

a thin layer of powdered sample onto adhesive conductive carbon tape. HRTEM imaging was 

instead carried out at an accelerating voltage of 200 kV. For HRTEM samples, the material was 

sonicated in ethanol for 5 minutes, then drop-cast onto a holey carbon copper grid (Agar 

Scientific) and left to air dry overnight. Data was collected using the Electron Microscopy 

Research Technology Platform at the University of Warwick. 
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2.6 Photocatalytic Activity Tests 

The photocatalytic efficiency was evaluated by measuring the degradation under UV light of 

methylene blue (MB), chosen as model standard compound sensitive to photocatalytic 

degradation [215,333–335]. UV-visible spectroscopy was finally employed to monitor the 

degradation process [336,337].  

The test was conducted as follows: [217,338] 125 mL of standard aqueous solution of MB 1x10-

5 M was placed under magnetic stirring at 350 rpm. In the absence of illumination, 20 mg of 

the sample was poured into the MB solution and left stirring for 15 minutes until a homogeneous 

solution was obtained. The solution was then irradiated with a 125 W mercury UV lamp with 

an irradiance of 40 W m-2 (spectral range 315-400 nm, HG100; Jelosil Srl) and 5 mL of the 

solution was withdrawn at regular intervals (0, 5, 10, 20, 40, 60, 90, 120 minutes). All samples 

were diluted with 5 mL of Milli-Q water and finally analyzed to monitor the degradation of MB 

over time with a Cary5000 UV-Vis spectrophotometer (Agilent Technologies). All data sets 

were processed with the software OriginPro 2021 by OriginLab, Northampton, MA, USA. 

2.7 Application of the protective coating formulations 

The coatings were applied in sterile conditions on previously sterilized white Carrara marble 

and green Serpentine marble mock-ups and on laboratory-prepared concrete mock-ups. For 

each mock-up, the top surface was treated with 0.021 mL/cm2 of product, on average. The 

application was carried out using a roller to ensure consistent and even application of the 

coatings, while the other surfaces remained untreated. The concrete mock-ups were composed 

of sand, lime, and cement in a ratio of 4:2:1. These mock-ups were prepared using silicone 

molds, obtaining 5 x 5 x 2.5 cm samples. The marble mock-ups, also of surface 5x5, were 

sterilized by a 60-minute cycle at 120 °C in an autoclave (HICLAVE HV, 110 L, HMC Europe) 

to then carry out microbiological tests. 

2.8 Evaluation of the protective coating formulations properties 

Once the coatings were applied to the mock-ups, various tests were carried out to evaluate the 

properties of the formulations. 

2.8.1 Hydrophobicity and water vapor permeability tests 

The hydrophobic properties of the treated surfaces were investigated by measuring the contact 

angle, following the UNI EN 15802 standard [339]. Briefly, 10 µL of deionized H2O was 

deposited on the surfaces and after 10 seconds registered with a Celestron Deluxe Digital 
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Handheld Microscope. The related contact angle was subsequently calculated, using ImageJ 

software. 

The water vapor permeability test was carried out following the procedure described in the UNI 

EN 15803 standard [340]. In summary, the mock-ups were placed in a container, with 50 mL 

of a 93% KNO3 solution, and sealed with microcrystalline wax, a refined paraffin. The test was 

performed both on treated and untreated mock-ups to compare the water vapor permeability. 

The weight of each sample was registered daily, as well as the Relative Humidity (RH%) and 

the T. 

2.8.2 Colorimetric analysis 

Color measurements were conducted with a Konica Minolta CM-26dG spectrophotometer both 

before and after the application of the protective coating. Results were elaborated by the 

software Spectra Magic NX. The total color variation, expressed as 𝛥𝐸, was calculated by the 

following equation:  

𝛥𝐸 = √𝛥𝐿 ∗2+ 𝛥𝑎 ∗2+ 𝛥𝑏 ∗2 

 

where 𝛥𝐿∗, 𝛥𝑎* and 𝛥𝑏* are the differences between the values obtained on the same sample 

before and after the application of the coating. 

For the colorimetric evaluation, the Specular Component Included (SCI) data were considered. 

2.8.3 Antimicrobial properties 

For this test Penicillium chrysogenum and Aspergillus niger, both fungi Ascomycota Eurotiales, 

were chosen as model pathogen microorganisms. In particular, the two fungi come from a real-

case scenario in Ca' Cappello, also known as Palazzo Cappello Layard, a historical palace part 

of the Ca’ Foscari University of Venice. The fungi were sampled non-invasively by sterile swabs 

and let grow in pure culture in Petri dishes (Ø = 100 mm) with an SDA cultivation medium in 

an incubator (VELP, Refrigerated Thermostats FOC 225E) at 18 °C for 7 days, reaching an 

optimal inoculation growth level with active sporulating conidiophores. 

The test was based on a system, consolidated by the authors, used for monitoring fungal growth. 

Specifically, to evaluate the antimicrobial activity of the various formulation treatments, each 

coated mock-up was placed in a sterile cylindrical container filled with SDA growth medium 

up to the surface level of the mock-up. Once the medium solidified, it was inoculated with 1 

mL of fungal spore solution (approx. 500 ± 25 spores mL-1), and the container was covered 
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with a cotton and aluminum foil lid and secured with an elastic band. Figure 2 reports the main 

components of the setup. All the parts were sterilized in an autoclave (HICLAVE HV, 110 L, 

HMC Europe) for 60 minutes at a temperature of 120 °C before the test started. 

 
Figure 2: Schematic representation of the system set-up for the microbiological test 

 

The containers were monitored at room temperature (RT) for up to 60 days, with pictures taken 

at regular intervals (2, 7, 14, 35, and 60 days) to evaluate fungal growth. In the end, a sampling 

by Fungi-Tape™ was carried out on the center of the mock-ups to microscopically evaluate the 

fungal growth. 

For this test white Carrara marble and green Serpentine marble mock-ups were employed, 

repeating the test in triplicate (n=3). C-MOT coating was tested, keeping as reference the mock-

ups treated with C-MO, C-MP, C, and some uncoated ones.  

 

3. Results 

3.1 Characterization of the SiO2/TiO2 materials 

The samples’ isotherms and pore size distributions are shown in Figures 3a and 3b 

respectively; whereas Table 3 reports the surface area, average pore diameter, and pore volume 

of all the samples. The nitrogen physisorption analysis of the MCM-41 sample confirms its 

successful synthesis, exhibiting an average pore diameter of 2.7 nm, a high surface area of  
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1249 m² g-1, and a well-defined mesoporous structure, as evidenced by its characteristic Type 

IV isotherm and hysteresis loop. For the titania-impregnated samples (MP, MM, MK), the 

isotherms maintain a Type IV shape but with reduced adsorbed gas volume. The widening and 

partial change in the shape of the loop can be associated with a change in the shape and size of 

the mesopores, making them less available, likely due to the partial blockage of the pores by 

the titania nanoparticles [341]. 

 
 

(a) (b) 
Figure 3: N2 adsorption-desorption isotherm (a) and pore radius distribution  

(b) of MCM-41 and TiO2-enriched MCM-41 samples 
 

Table 6: specific area, average pore size, and pore volume of MCM-41, MP, MM, and MK 

 Surface area (m2 g-1) Average pore diameter (nm) Pore volume (cm3 g-1) 

MCM-41 1249 2.7 0.85 

MP 763 3.2 0.45 

MM 617 3.3 0.45 

MK 626 3.1 0.39 

Overall, in all samples, the addition of titania allowed the maintenance of proper surface area 

and porosity values without significantly compromising the silica texture. This is essential for 

photocatalytic applications as it ensures adequate adsorption surface area. To further confirm 

these results, electron microscopy analyses were conducted. 

Figure 4a displays a micrograph of the MCM-41 sample, highlighting an overall well-defined 

morphology, and uniform shapes, indicative of a highly ordered morphology of the SiO2 

particles. Figure 4b provides instead a higher magnification view, focusing on the 
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arrangement of the mesoporous channels within the MCM-41 sample, showing a periodic 

arrangement of pores. The regular, hexagonal pattern of the pores confirms the successful 

formation of the mesoporous silica framework. This hexagonal packing is a defining 

characteristic of MCM-41, indicating the material’s high degree of structural regularity. 

 
Figure 4: HRTEM micrographs of MCM-41 sample 

The HRTEM micrographs, presented in Figure 5, of the samples MP, MM, and MK reveal the 

excellent structural integrity preservation of the MCM-41 structure post-impregnation with the 

TiO2 nanoparticles. Of particular interest are the distinct and parallel lattice fringes, which 

suggest the presence of crystalline TiO2 on the silica surface, partially covering it. These fringes 

are indicative of well-dispersed TiO2 nanoparticles, likely in the anatase or rutile phase [342]. 

Therefore, the HRTEM analysis confirms that the MCM-41 structure remains unaffected by the 

impregnation with the three TiO2 and their ordered nature is preserved across all samples. 

 
Figure 5: HRTEM micrographs of MP, MM, and MK 
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The SEM micrograph of MCM-41, presented in the top left corner of Figure 6, shows particles 

with spherical shapes, consistent with the expected morphology of MCM-41. The surface 

texture appears mostly smooth, with minor irregularities. The size (ranging from 100 to 500 

nm) and shape of the material are critical factors influencing the properties of the final 

protective coating, such as transparency, hydrophobicity, homogeneity, and viscosity. 

Specifically, the spherical shape form could significantly affect the roughness of the final 

coating, which subsequently reduces wettability and increases impermeability [343,344].  

The same characteristics can be found in the samples impregnated with TiO2, where the uniform 

distribution of titanium can be observed, overlapping the EDS map to the SEM micrographs 

(Figure 6). The consistent Ti signal across the sample suggests that TiO2 is homogeneously 

distributed on the external surface of the silica material; if TiO2 NPs were confined to the 

internal pores, its signal would likely appear less uniform and more localized to specific regions. 

The EDS maps also reveal an overlapping presence of Si and O across all the samples. Silicon, 

associated with the MCM-41 framework, and oxygen, present in both silica and titania 

structures, demonstrate the thorough integration of titania within the silica matrix.  

 
Figure 6: SEM micrographs of MCM-41, MP, MM, and MK, overlapped to the EDS maps identifying 

Silicon (blue marked), Oxygen (green marked), and Titanium (purple marked) 
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3.2 Photocatalytic activity test 

To evaluate the photoactivity of TiO2/SiO2 composite materials, the samples were tested for 

their ability to degrade Methylene Blue (MB) under UV light. Figure 7 illustrates the MB 

degradation profiles for pure MCM-41, MP, MM, and MK, with degradation efficiency plotted 

as MB's relative concentration (C/C0) over time. 

 
Figure 7: Graph of the degradation of Methylene Blue under UV light using MCM-41, MP, MM, and 

MK 

The MP sample, containing P25 TiO2, showed the highest photocatalytic activity, as highlighted 

by the steepest decline in MB concentration. Within 60 minutes, MP achieved nearly complete 

methylene blue degradation, outperforming MM, MK, and clearly pure MCM-41. 

The process is governed by two simultaneous mechanisms: adsorption and degradation. 

Therefore, not only the photocatalytic properties but also the surface area of the materials used 

play a crucial role. For instance, MCM-41, despite lacking photocatalytic properties, still 

showed a decrease in the concentration of methylene blue through an adsorption mechanism by 

its mesoporous structure. This adsorption removed methylene blue molecules from the solution, 

leading to an apparent decrease in concentration. In fact, the dye molecules present in the 

solution can be absorbed by the mesoporous structure, as well as photocatalytically degraded 
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by the titania. These two phenomena act in combination, leading to a general discoloration of 

the solution.  

Nevertheless, observing the residual solid SiO2, it is possible to partially discriminate the 

results. The TiO2 NPs provide active sites for photocatalysis upon exposure to light, resulting 

in the degradation of methylene blue molecules not only in the solution but also once absorbed. 

The degradation of the absorbed methylene blue into the TiO2-enriched silica particles was 

indeed evident only for sample MP, whereas for MM and MK the particles deposited on the 

bottom of the tube remained blue, as can be appreciated in Figure 8.  

 
Figure 8: tubes with respectively MP, MM, and MK samples after 120 minutes of exposure to UV light 

 

The superior performance of MP could be attributed to Evonik P25 TiO2's mix of anatase (80%) 

and rutile (20%) crystalline phases, known to enhance photocatalytic activity. The anatase phase 

has a band gap of 3.2 eV, while the rutile phase has 3.0 eV, enabling efficient light utilization 

and reduced electron-hole recombination. 

To ensure photocatalytic activity was retained after interaction with Origanum compactum 

essential oil (EO), the same photodegradation test was performed also on the EO-impregnated 

sample, enriched with Evonik P25 (MOT). Figure 9 thus shows the methylene blue degradation 

curves for MOT and MP over 300 minutes. MOT maintained photocatalytic activity but 

required 5 hours to completely degrade the methylene blue, compared to MP's faster rate. The 

initial methylene blue concentration decrease in MOT suggests significant adsorption on the 

material's surface and pores, though the presence of the EO slightly hindered methylene blue 

diffusion to titania active sites, slowing degradation. 
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Figure 9: degradation of Methylene Blue under UV light using MOT 

Concluding, it is possible to state that despite this slower rate, the essential oil did not block the 

photocatalytic activity of the TiO2, as the titania nanoparticles, located on the MOT material's 

surface, continued to promote methylene blue degradation under UV light. Thus, the preserved 

photocatalytic efficiency of MOT made the material suitable for application in the protective 

coating formulation. 

3.3 Evaluation of the protective coating formulation properties 

The MCM-41 nanocapsules with oregano EO and Evonik P25 TiO2 were embedded in the 

chitosan and MTES/TESO matrix protective coating formulation, named C-MOT. After 

applying it to the surface of the mock-ups, various tests were conducted to assess the coating's 

properties.  

Hydrophobicity and water vapor permeability measures 

To assess the hydrophobic properties of the formulation, the contact angle was measured 

following the standard methodology outlined in UNI EN 15802. Table 7 shows the pictures 

taken of the water droplets once fallen on the untreated (on the left) and treated surfaces (on the 

right) for each substrate; the contact angle measurements are reported under each picture. 
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Table 7: Pictures and contact angle values of the sample surfaces before (on the left) and after (on the 

right) the application of the C-MOT coating treatment  

Material Before treatment After treatment 

Concrete 

  
0.0° 90° ± 1 

White Carrara 
Marble 

  
70° ± 1 88° ± 1 

Green 
Serpentine 

Marble 

  
58° ± 1 86° ± 1 

As it is possible to observe, before the treatments the substrates act differently depending on 

their porosity, which in the concrete is known to be way higher than in the two marbles. For 

this reason, the concrete mock-up surface before the treatment completely absorbs the water 

with a contact angle of 0°. Anyhow, in the case of concrete, the increase of contact angle is 

relevant, passing from 0° to 90°. Also, in the case of the marble mock-ups, it is possible to 

notice a rise in contact angle, increasing from 70° to 87° for the white Carrara and from 58° to 

86° for the green serpentine marble. These results thus highlight a substantial improvement in 

the general hydrophobicity following the coating treatment. This increment in hydrophobicity 

could be correlated to the presence of the mesoporous SiO2, which could make a microrugosity 

on the surface, decreasing the area of contact between the liquid and the substrate: a similar 

effect to that observed on superhydrophobic surfaces (such as the Cassie-Baxter model) can 

occur, where air trapped between the surface roughness prevents water from making contact 

with the surface [345]. At the same time, the presence of the hydrogel formulation could also 
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work in this sense: the MTES present in the formulation has nonpolar side chains (methyl 

groups) that tend to increase the hydrophobicity of the surface. 

Anyway, these promising hydrophobicity results need to be considered along with the water 

vapor permeability ones, since these two parameters are strictly connected. 

Figure 10 represents a histogram with the water vapor permeability (δp) data of the three 

materials before and after the application of the C-MOT coating treatment. It is possible to 

notice a slight decrease in permeability after the application, but in all cases lower than 20%; 

keeping in mind that the UNI EN 15803 standard does not establish a fixed percentage threshold 

for the acceptable variation in water vapor permeability after the application of a protective 

treatment. However, in the field of conservation and according to best restoration practices, a 

reduction in water vapor permeability of less than 30-40% compared to the untreated material 

is generally considered acceptable [116,346]. 

 

 Decrease in δp (%) 

Concrete 4.6 % 

White Carrara Marble 15.4 % 

Green Serpentine Marble 11.6 % 

Figure 10: histogram of the water vapor permeability values (δp)  
with relative decrease % of each material underneath 
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Another interesting aspect that can be noticed, is the high difference in water vapor permeability 

between the concrete and the marble samples. This difference can be surely attributed to the 

diverse composition of the materials and can be correlated to other characteristics, such as the 

porosity, which for concrete is usually around 10-20%, whereas for marble is between 0.3% 

and 1.5% [347–349]. 

Colorimetric Analyses 

To examine potential chromatic alterations, colorimetric analyses were performed. Color 

measurements were taken at three distinct points on the mock-ups' surface both before and after 

the coating was applied. Table 8 presents the colorimetric data in the CIELAB color space, 

along with the ΔE values comparing the surface appearance before and after the application of 

the coating. 

Table 8: colorimetric coordinates in the CIELAB color space and ΔE 

Material L* a* b* ΔE Mean ΔE 

Concrete 

Point A (before) 75.50 1.10 9.40 
2 

3 

Point A (after) 73.17 1.35 8.72 
Point B (before) 75.47 1.00 8.91 

3 
Point B (after) 72.56 1.26 9.20 
Point C (before) 74.89 1.19 9.22 

3 
Point C (after) 74.40 1.47 6.95 

White Carrara 
Marble 

Point A (before) 68,61 -1,25 -3,65 
3 

3 

Point A (after) 65,27 -1,29 -3,16 
Point B (before) 69,96 -0,76 -1,31 

2 
Point B (after) 67,68 -0,75 -0,7 
Point C (before) 68,5 -1,05 -2,37 

3 
Point C (after) 65,25 -1,03 -2,59 

Green 
Serpentine 

Marble 

Point A (before) 42,41 -1,29 0,32 
2 

3 

Point A (after) 40,56 -1,44 0,66 
Point B (before) 42,77 -1,43 4,03 

4 
Point B (after) 38,62 -1,87 3,91 
Point C (before) 46,01 -1,9 3,65 

3 
Point C (after) 42,84 -2,82 4,41 

Examining the ΔE, which represents the color variation and is expressed in integers, it is 

possible to observe that, considering the mean value for each material, the color variation is 

below the detection threshold of the naked human eye (ΔE > 3); therefore, the application of 

the protective coating does not significantly change the appearance of the substrates. 
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Considering the overall experimental evidence and the characterization performed on the C-

MOT coating formulation and its constituent materials, it is possible to state that a protective 

coating with promising features was developed for application on various stone substrates. The 

TiO2/SiO2 materials exhibited good homogeneity and a strong ability to degrade model stain 

compounds, even when combined with oregano essential oil. Furthermore, once incorporated 

into the hydrogel formulation, it demonstrated excellent performance, enhancing 

hydrophobicity without significantly altering the water vapor permeability or aesthetics of the 

surface. To finally validate the formulation features, an in-depth study of the coating 

components' antimicrobial activity was necessary. 

3.5 Evaluation of the antimicrobial activity 

The monitoring of fungal growth of both molds Penicillium chrysogenum and Aspergillus niger 

on pristine white Carrara and green Serpentine marble mock-ups revealed rapid growth in the 

cultivation medium during the first few days, followed by a stationary growth phase once the 

marble surfaces became partially covered.  

Figure 11 presents pictures of one mock-up of each type, inoculated with P. chrysogenum or A. 

niger, over the 60-day period. 

Regarding P. chrysogenum colonization on white marble, widespread coverage is observed by 

day 14, with complete colonization confirmed by day 60. This well-established colonization is 

further evidenced by the release of pigments onto the stone surface, which takes on a yellowish 

color, a characteristic effect of P. chrysogenum [350,351]. Although no visible color change is 

appreciable in the green Serpentine marble mock-up, a similar growth pattern emerges, with 

fungal development already noticeable on the surface by day 14.  

For A. niger on white marble, complete surface coverage is observed within the first 7 days, 

with dark spots (i.e. conidiophores) becoming evident and intensifying over time. By day 14, 

the white surface begins to take on a yellowish hue, which gradually darkens to a brownish 

coloration by day 60. A. niger is known to produce brown and yellowish pigments, such as 

melanin, which may be then absorbed by the marble substrate [352,353]. In contrast, no color 

change is appreciable in the green serpentine marble mock-up, although a speckled appearance 

emerges from day 14 and becomes more intense by day 60, suggesting a similar growth pattern. 

For comparison, Figure 12 presents the pictures of the mock-ups treated with the final C-MOT 

formulation, which consists of a chitosan-MTES/TEOS hydrogel and MCM-41 SiO2 

impregnated with Origanum compactum essential oil and enriched with Evonik P25 TiO2 NPs. 
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As before, the cultivation medium surrounding both marble mock-ups was inoculated with P. 

chrysogenum or A. niger. These images reveal a stark contrast to the untreated samples. While 

P. chrysogenum growth is still noticeable in some areas, A. niger development is significantly 

inhibited.  

Analyzing the pictures of the mock-ups inoculated with P. chrysogenum, it is evident that the 

C-MOT formulation effectively inhibits fungal colonization already from day 14. This period 

could be associated with favorable atmospheric precipitation conditions, which may facilitate 

the washout and subsequent removal of colonizing spores from the stone surface. However, in 

later images, particularly those of the white Carrara marble mock-ups, a slight yellowing of the 

surface is observed, suggesting that the formulation might not completely prevent fungal 

growth or that pigments produced by the fungi in the cultivation medium may have penetrated 

the substrate from the sides. 

In contrast, the mock-ups inoculated with A. niger exhibit a near-total inhibition of fungal 

growth when treated with the C-MOT formulation. By the end of the 60-day monitoring period, 

the samples remain almost free of fungal coverage, even though the surfaces of the substrates 

treated with this coating exhibit a light pale-yellow hue. 
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Figure 11: Photos taken at 2, 7, 14, 28, 35, and 60 days after the inoculation on pristine mock-ups 
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Figure 12: Photos taken at 2, 7, 14, 28, 35, and 60 days after the inoculation on mock-ups treated  with C-MOT 
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To fully understand the role of the formulation’s different components, the positive results 

obtained with C-MOT were compared with those obtained with C, C-MP, and C-MO 

formulations. This approach allows us to differentiate the influence of the chitosan-

MTES/TEOS hydrogel from that of Origanum compactum essential oil and Evonik P25 TiO2 

nanoparticles. Since the clearest results were previously obtained with the white Carrara marble 

mock-ups, this material was selected as the reference for comparison. 

From Figure 13, it can be observed that the mock-ups treated with the C formulation exhibit a 

low level of colonization after 14 days. However, some dark spots begin to appear, and by day 

60, the surface darkens with a yellowish tone. When silica and TiO₂ are added (C-MP 

formulation), a reduction in colonization is observed at day 14. However, this is not sufficient 

to prevent the surface yellowing, as seen in the pictures taken on day 60, particularly in the case 

of A. niger. 

Examining the C-MO formulation, it was observed that even after 60 days, the mock-up 

surfaces appear free of fungal colonization. However, a comparison with the C-MOT 

formulation pictures reveals that the latter maintains a cleaner surface with lighter tones. 

Considering these findings, it is likely that the primary active component in the C-MOT 

formulation responsible for inhibiting fungal growth is Origanum compactum essential oil. The 

active antimicrobial molecules in this extract once encapsulated in mesoporous MCM-41 silica, 

are released over an extended period, exerting a prolonged inhibitory effect on fungal 

proliferation, both regarding the development of the vegetative mycelium and the initiation of 

a sporulation phase. The addition of TiO2 nanoparticles (NPs) also enhances the overall 

antimicrobial activity, as titania possesses biocidal properties, as demonstrated in the C-MP 

coating. However, in the C-MP formulation, the antimicrobial activity of titania may not be 

sufficiently strong or fully exploited. This limitation may be due to the absence of direct UV 

radiation, which is often necessary to activate titania’s full photocatalytic potential. Testing 

under UV radiation was not feasible in this study, as it would have independently influenced 

fungal proliferation. 

Nonetheless, in the C-MOT coating, the combined inhibitory effects of encapsulated Origanum 

compactum essential oil and TiO₂ nanoparticles result in a synergistic antimicrobial action, 

enhancing overall effectiveness. Therefore, the combination of both active components in C-

MOT presents a promising strategy for developing durable antimicrobial coatings, particularly 
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for cultural heritage conservation and other applications requiring persistent biodeteriogens 

prevention. 
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Figure 13: Photographs taken after 14 and 60 days from inoculation of Penicillium chrysogenum and 

Aspergillus niger fungi with white Carrara marble mock-ups previously treated with the different 

coating formulations 
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5. Conclusions 

Within this work it was developed a nanostructured photocatalytic multifunctional coating 

based on a chitosan-MTES/TEOS hydrogel, embedding mesoporous MCM-41 loaded with 

TiO2 and oregano essential oil. The innovative formulation presents a promising solution for 

the preservation of stone materials since the combination of essential oils and TiO2 within the 

MCM-41 matrix provides a multifunctional and synergic antimicrobial effect. The mesoporous 

SiO2 MCM-41 is indeed able to hold and gradually release the active, while the inhibition effect 

over microbial growth of the oregano EO is increased by the photocatalytic activity of Evonik 

P25, known for its efficient degradation of pollutants. 

The hybrid hydrogel matrix, combining silica and chitosan, proved to be an effective carrier for 

the nanoparticles and the essential oil, ensuring good filming and viscosity properties and good 

adhesion to the stone surface. The coating not only protects the surface from pollution and 

microbial degradation phenomena but also provides hydrophobicity to the surface while 

maintaining water vapor permeability and color stability.  

In conclusion, these findings highlight the potential of this multifunctional coating as a 

promising advancement in stone material preservation, offering enhanced protection against 

microbial degradation, pollutants, and moisture while maintaining the material's aesthetic and 

structural integrity. 
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CONCLUSIONS 

In this PhD research thesis stone preservation has been investigated, aiming at developing a 

protective green multifunctional coating for stone surfaces to limit biodeterioration phenomena. 

In this final section, the key findings and contributions of this doctoral thesis are presented, 

emphasizing their relevance to the field of conservation science. 

The research for sustainable green materials for application in the cultural heritage field found 

an interesting match in the use of photocatalysts. In this sense, the application of photocatalytic 

nanoparticles on stone materials demonstrated their sustainable potential, exploiting sunlight 

energy, in enriching the surface with self-cleaning properties and in inhibiting fungal growth. 

Through this study it was possible to integrate traditional methods with new technologies, 

developing an innovative application to implement prevention strategies to limit 

biodeterioration phenomena, linking the photocatalytic and optoelectrical properties of TiO2 

and ZnO nanoparticles with their antimicrobial activity. In this sense, the use of TiO2 NPs 

exhibited a highly promising trajectory towards establishing a material to be added into the final 

formulation presented in this thesis. Nevertheless, while the use of these nanoparticles showed 

promising results, it is important to consider that their efficacy is also closely tied to activation 

through environmental conditions such as light, which may limit their effectiveness in darker 

and less exposed areas. In the pursuit of developing a green sustainable material to work 

together with the TiO2 NPs, through a chemical-induced interaction with the biodeteriogens, 

was needed. In this sense the use of MCM-41 silica nanocontainer was a significant 

achievement, to avoid the direct use of synthetic biocide, which could harm the environment 

and the operators’ health. In particular, the combination of vegetal extracts with ordered 

mesoporous SiO2 was a greener viable alternative to traditional synthetic biocides, which could 

also increase antimicrobial activity and extended the agents' effectiveness. The fact that these 

outcomes were confirmed both in vitro and applied on marble mock-ups, showed how these 

materials might be a great innovative tool also for real-case applications.  

The final formulation of the hybrid coating system – integrating the biocidal activity of the 

vegetal extract, the structural properties of ordered mesoporous silica MCM-41, and the 

photocatalytic activity of TiO2 NPs into a cohesive functional product – constitutes a valuable 

advancement, effectively addressing a key knowledge gap in this field. The coating formulation 

demonstrated compatibility with various stone materials and showed significant antimicrobial 

activity, suggesting an amplified constructive synergy. The need to be in line with the 
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restoration gold standards for protective coating was satisfied, since the formulation led to an 

increase of the surface hydrophobicity without altering the surface’s aesthetical appearance or 

its water vapor permeability. The continuous dialogue with restorers, acting as end-users, to 

compare and validate the formulation was crucial in determining its practical applicability. This 

significant achievement positions the formulations as not only potential game-changers in the 

field of stone surfaces protection but also as a testament to the feasibility and effectiveness of 

eco-conscious multidisciplinar strategies in advancing the field of heritage science. This 

innovative accomplishment not only drives progress in the field but also highlights the 

significant influence of this study on the future of fresco conservation. 

Concluding, the synergy of various materials and techniques, some already employed in 

restoration, has made it possible to enhance their effectiveness while overcoming certain 

inherent limitations. This achievement has been reached through an interdisciplinary approach 

that integrates green chemistry, microbiology, nanotechnology, and the craftsmanship of master 

restorers. In the future, the same approach would need to be applied to surpass the limitations 

of the current formulation, refine it, assess its scalability, and applicability in restoration 

projects of real-world artworks. 
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GLOSSARY 

Here, all the sample labels and abbreviations used throughout the text are listed in 

alphabetical order: 

ATR Attenuated Total Reflectance 

BET Brunauer-Emmett-Teller Theory 

BJH Barrett-Joyner-Halenda Method 

BLAST Basic Local Alignment Search Tool 

C Hybrid hydrogel with chitosan/MTES-TEOS 

CATMAT LAB Laboratorio di Catalisi e Materiali (Catalisys and Materials laboratory) 

CECT  Spanish Type Culture Collection 

C-MO Hybrid hydrogel with chitosan/MTES-TEOS and MCM-41   Oregano EO 

C-MOT Hybrid hydrogel with chitosan/MTES-TEOS and MCM-41   Oregano EO   

Evonik P25 TiO2 

C-MP Hybrid hydrogel with chitosan/MTES-TEOS and MCM-41   Evonik P25 TiO2 

COT-01 Coating formulation base with 0,1% vegetal extract and SiO2 MCM-41, 17 mg/mL 

COT-1 Coating formulation base with 1% vegetal extract and SiO2 MCM-41, 170 mg/mL 

CTAB Hexadecyltrimethylammonium bromide  

DCOIT 2-octyl-4-isothiazolin-3-one (OIT) and 4,5-dichloro-2-octyl-4-isothiazolin-3-one  

DDAC Didecyldimethylammonium chloride  

DDS Drug Delivery System 

DTA Differential Thermal Analysis 

EDS Energy Dispersive X-ray Spectroscopy 

EMR-CPA  Estudios y Métodos de Restauración restoration company 

EO Essential oil 

FE-SEM Field Emission Scanning Electron Microscopy 

FNA Fluorescent Nucleic Acid 

HR-TEM High resolution Transmittance Electron Microscopy 

IPBC  3-iodo-2-propynyl N-butyl carbamate 

IR Infrared 
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ITS Internal Transcribed Spacer 

IWI Incipient Wetness Impregnation 

MCM-41 Mobil Composition of Matter No. 41 

MCM-41-BT Mobil Composition of Matter No. 41 impregnated with the Biotin T ® biocide 

MCM-OEO Mobil Composition of Matter No. 41 impregnated with Oreganum compactum 

essential oil 

MCM-SH Mobil Composition of Matter No. 41 functionalized with -SH groups 

MCM-SO3H Mobil Composition of Matter No. 41 functionalized with -SO3H groups 

MCM-SO3H-BT Mobil Composition of Matter No. 41 functionalized with -SO3H groups and 

impregnated with the Biotin T ® biocide 

MEA Malt extrose Agar 

MIC Minimal Inhibitory Concentration 

MK MCM-41 with Kronos VLP TiO2 

MM MCM-41 with Mirkat 211 TiO2 

MO MCM-41   Oregano EO 

MOT MCM-41   Oregano EO   Evonik P25 TiO2 

MP MCM-41 with Evonik P25 TiO2 

MPTMS (3-Mercaptopropyl)trimethoxysilane  

MTES Methyltriethoxysilane 

MUCAES- UPV Museum of the Universitat Politècnica de València, Vera Campus 

NB Nutrient Broth 

NOx Nitrogen oxides 

NPs Nanoparticles 

Ø Diameter 

OEO Origanum compactum essential oil 

OIT 2-octyl-4-isothiazolin-3-one  

PBS Phosphate-Buffered Saline 

PCR Polymerase Chain Reaction 

PON National Operational Program 

RH Relative Humidity 
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ROS Oxygen reactive species 

rpm Rate per minute 

RT Room Temperature 

SBA-15 Santa Barbara Amorphous-15 

SCI Specular Component Included  

SDA Sabouraud Dextrose Agar 

SEM Scanning Electron Microscopy 

SOx Sulphur oxides 

TCMSP 2,3,5,6-tetrachloro-4-(methylsulfonyl)pyridine 

TEO Thymus vulgaris essential oil  

TEOS Tetraethyl orthosilicate 

TG Thermogravimetric Analysis 

Ti-COM Commercial Evonik P25 Titanium Dioxide 

Ti-LAB Labmade Titanium dioxide 

TiZn-LAB Labmade Titanium dioxide - zinc oxide composite material 

TPO Temperature Programmed Oxidation 

UNISVE Unione Stuccatori Veneziani Srl. 

UNIVE Università Ca' Foscari of Venice 

UPV Universitat Politècnica de València 

UV Ultraviolet 

VOC Volatile Organic Compounds 

WDCM World Data Center for Microorganisms 

XRD X-ray powder diffraction 

Zn-COM Commercial Carlo Erba Zinc Oxide 

Zn-LAB Labmade Zinc Oxide 
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Abstract: 

Questa tesi di dottorato (progetto PON – partnerships tra UniVE e UniSVe) è focalizzata 

sull’ottimizzazione di un approccio multidisciplinare per lo sviluppo di un coating green 

multifunzionale per la protezione delle superfici lapidee del patrimonio culturale dal biodegrado. 

In primis, NPs fotocatalitiche di TiO2 e ZnO sono state studiate per i loro effetti antifungini su intonaci 

storici (Cap. II). Poi, nanocapsule di silice mesoporosa funzionalizzata sono state usate per veicolare 

il rilascio di un biocida commerciale (Cap. III). Per una migliore sostenibilità, estratti antimicrobici 

plant-based sono stati incapsulati nella silice e testati, dimostrando un’efficace e prolungata attività 

antimicrobica favorita dalle nanocapsule (Cap. IV). Infine, l’efficacia dei fotocatlizzatori e dell’olio 

essenziale è stata massimizzata grazie allo sviluppo di un protettivo ibrido con nanocapsule di silice 

impregnate con olio essenziale e TiO2, offrendo proprietà protettive multifunzionali (Cap. V). 

 

This PhD thesis (PON project – partnership UniVE and UniSVe) is focused on optimizing a 

multidisciplinary approach for the development of a green multifunctional coating to protect cultural 

heritage stone surfaces from biodeterioration. 

Firstly, photocatalytic NPs of TiO2 and ZnO were evaluated for their antifungal effects on historical 

plasters (Chapter II). Then, functionalized mesoporous silica nanocontainers were studied to control 

the release of a commercial biocide (Chapter III). To improve sustainability, plant-based antimicrobial 

extracts were then encapsulated in the silica and tested, demonstrating prolonged and effective 

antimicrobial activity favored by the nanocontainers (Chapter IV). Finally, the efficacy of 

photocatalysts and the essential oil was maximized through the development of a hybrid coating with 

essential oil-impregnated silica nanocontainers and TiO2, offering multifunctional protective features 

(Chapter V). 
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