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Abstract

:

In the last decade, worldwide research has focused on innovative natural biocides and the development of organic and inorganic nanomaterials for long-lasting reliability. In this work, the biocide effects of two different biocides encapsulated in two different silica nanosystems for a multifunctional coating have been performed through in vitro tests, by using Chlorococcum sp. as a common stone biodeteriogen. Zosteric sodium salt (ZS), a green biocide, was compared with the commercial biocide, 2-mercaptobenzothiazole (MBT), widely used in the treatment of cultural heritage. The analyzed systems are the following: silica nanocapsules (NC) and silica nanoparticles (MNP) not loaded with biocides, two nanosystems loaded with ZS and MBT, and free biocides. The qualitative and quantitative evaluations of biocide efficiency were performed periodically, analyzing pigment autofluorescence to discriminate between active and inactive/dead cells. The analyses showed multiple differences. All the nanocontainers presented an initial reduction in chlorophyll’s autofluorescence. For the free biocide, the results highlighted higher efficiency for MBT than ZS. Finally, the nanosystems loaded with the different biocides highlighted a higher activity for nanocontainers loaded with the commercial biocide than the green product, and better efficiency for MNP in comparison with NC.
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1. Introduction


Cultural heritage artworks have an inestimable value that must be protected and preserved to be passed on to future generations. They are affected by different alteration processes and degradation, which increase over time, and in outdoor conditions, they are exposed to a greater extent of atmospheric agents as well as to biological colonization [1,2,3].



Thanks to technological advancements in recent times, applied techniques and the biocide products used to remove biofilms on monument surfaces have been improved [4,5,6,7,8]. Biocides are chemical substances which are efficient at killing the undesirable microorganisms that can occur on such surfaces, and they have been widely applied in the conservation of cultural heritage [9,10,11]. However, traditional commercial biocide can show some harmful effects on the environment and human health; furthermore, they can also show some interferences with the substrate, such as staining, changes in color, and chemical interactions [8,10,12]. Application methods and low doses can reduce the mentioned risks. Moreover, the direct application of biocide has relatively short-term effectiveness, and sometimes, the compounds can be removed and dispersed in the environment [2,8,10,13].



In the last decade, worldwide research has concerned the testing of innovative natural biocide and the development of organic and inorganic nanomaterials, associated with multifunctional coatings, for long-lasting reliability, and non-invasive and selective activity [7,8,13,14,15,16,17,18,19,20,21,22,23,24]. The use of natural active compounds coupled to this nanotechnology seems a good way to pursue an eco-friendly, sustainable, and safe approach for the conservation of cultural heritage, reducing the amount of the bioactive compound and obtaining a satisfactory, long-lasting, antifouling action [15,16,17,25,26,27]. The literature reports the synthesis of different nanocontainers and loading techniques [21,25]. However, nanosystems based on mesoporous silica materials, applied in a multifunctional coating, as a controlled release biocide system over time, are reported only in a few cases [19,21,28,29,30]. In previous works, two different silica-based nanocontainers (Ns), namely a core-shell nanocapsule (NC) and a mesoporous nanoparticle (MNP), have been synthesized and characterized [13,14,20,21,22]. Previous preliminary in vitro cultures exposed to the nanoparticles showed a high antifouling activity associated with a slight biocidal activity against photosynthesizing microorganisms [13]. However, the efficiency of these Ns in the release control of the engaged biocides and the improvement of biocide efficiency, allowing a reduction in the quantities of biocide required, have not been sufficiently addressed.



In this work, our goal is to test different biocidal agents through in vitro tests against a significant component of the biofilm occurring on stone in conditions of high humidity and low solar radiation, and in parallel, evaluating different coatings’ formulations. According to ecological trends and EU regulations [31], we tested natural zosteric sodium salt, a derivative of zosteric acid, as a natural antifoulant compound, in comparison with the commercial biocide 2-mercaptobenzothiazole widely used in the treatment of cultural heritage [9,32,33]. The choice of both biocides and, in particular, of zosteric sodium salt as a green biocide, despite the possibility of a negative effect being linked to sulfate residues [34], is related to the previous results for the nanocontainers’ synthesis [13,14,20,21,22]. Such a first step will need further evaluation before a wider application.




2. Materials and Methods


2.1. Biocidal Description


We selected two different biocides, namely 2-mercaptobenzothiazole and zosteric sodium salt. 2-mercaptobenzothiazole (MBT) is a well-known biocide used in the conservation of cultural heritage as an antifungal and anticryptogamical compound [9]. From the literature data, the biocidal activity of MBT is linked to its heterocyclic structure, and the substituted benzothiazole derivatives bring different biological properties [35,36].



Zosteric sodium salt (ZS) is a natural product antifoulant (NPA), which is less studied, but a promising product in this context. Zosteric acid and its sodium salt are produced and released by Zostera marina L., which is a wide-ranging marine flowering plant in the Northern Hemisphere, and its antifouling capability is related to the sulfate group present in the chemical structure [37].



As reported in Ruggiero et al. [20], we synthesized ZS from trans-4-hydroxycinnamic and the sulfur trioxide pyridine complex.




2.2. Encapsulation Step


According to Ruggiero et al. [20,21], we synthesized two different silica nanocontainers, namely core-shell nanocapsules (NC) and mesoporous nanoparticles (MNP) (Figure 1). Briefly, to synthesize the silica nanocapsules (NC), the following compounds were adopted: water, cetyltrimethylammonium bromide (CTAB, Aldrich, Italy) as a cationic surfactant, ammonia solution (NH3aq 30%, Aldrich) as a basic catalyst, tetraethoxysilane (TEOS, Aldrich) as a silica precursor, and diethyl ether (Et2O, Aldrich) as a cosolvent. All the chemicals were analytical grade and were used without further purification.



A micellar solution was obtained by combining water, surfactant, and the basic catalyst. Alternatively, MBT or ZS were secondly added by using diethyl ether as the cosolvent. Therefore, an oil-in-water mini-emulsion was created due to the presence of diethyl ether, and the TEOS condensates at the mini-emulsion interface to form the inorganic silica network. The subsequent evaporation of the diethyl ether creates the mesoporosity of the shell.



For the synthesis of silica nanoparticles (MNP), the same reagents were used—except for diethyl ether—and the ammonia solution was substituted by NaOH aqueous solution. Differently from the previous synthesis, the biocides were inserted directly into the mixture before the formation of the micellar solution. TEOS plays the role of the template since its molecules polymerize around it.




2.3. In Vitro Tests


To perform in vitro tests, we collected biofilm materials growing on the Aurelian Walls in Rome, as a monument representative of biodeterioration patterns occurring in the Mediterranean area [13,38,39].



Specifically, we performed a survey on the vertical surfaces of the walls in the northern exposure where the biological growth is widely distributed, and not previously treated by restoration activities. Then, we selected and brushed superficially, employing a sterile lancet and a black humid patina. A part of the collected microorganisms was observed by the optical microscope with an immersion objective at 100-magnification (Olympus BX41, Rome, Italy), following the procedures in UNI [40]. Thanks to the analytic keys of Guiry and Guiry [41], we identified the occurring species, which resulted in a mixed community of green algae, cyanobacteria, and meristematic fungi. Then, we cultured the detected species, according to the suggested nutritional and expositive requirements, in a BG-11 liquid media (Sigma–Aldrich) at 25 °C in conditions of natural sunlight, as previously reported [13]. Indeed, this type of media favored the proliferation of the algal component, and after two months, we obtained an almost pure culture of Chlorococcum sp. that we used as target organisms to test the efficiency of our nanosystems.



We tested eight different situations: the two free biocides (MBT and ZS); the two different nanosystems not loaded with biocides (NC, MNP); the two nanosystems loaded with zosteric sodium salt (NC_ZS; MNP_ZS) and with 2-mercaptobenzothiazole (NC_MBT; MNP_MBT). The nanocontainers were loaded with a concentration of biocide related to the loading capability (respectively, NC_Zs = 2.1%; MNP_ZS = 7.8%; NC_MBT = 10%; MNP_MBT 8.2%). We tested, following the protocol fine-tuned in Ruggiero et al. [13], 3 mg of nanocontainers not loaded and loaded with the biocide, added to 1 mL of liquid culture. For the free biocide, we tested a minimum (1 mg) and maximum (3 mg) quantity, emphasizing the concentrations based on those loaded in the nanosystems (~0.01 mg/mL) and the weight put in 1 mL of culture (3 mg).



Biocide efficiency was evaluated periodically, after the 1st, 2nd, 4th, 6th, and 8th week, so we filled 40 test tubes for each product tested in each time control. We observed the control and the treated cultures, in triplicate form for each product, under an optical microscope (Zeiss Axioplan 2) equipped with a photo camera (LEICA DFC 450 C) at 20X magnification in visible and autofluorescent light. Following the methodology of previous works [10,19,42,43], we evaluated the loss of each cell’s fluorescence as an indicator of biocidal efficiency. We observed the autofluorescence of cultured microorganisms with multi-channel detection, in blue (450–500 nm), purple (380–450 nm), and green (500–570 nm) wavelengths [44,45]. The photosynthetic microorganisms, in our case green algae, contain chlorophylls, which show autofluorescence at 670–790 nm (excitation, 594 nm) [42,43,44,45,46]. We used multiple channels to observe not only the disappearance of the chlorophyll but also of the other accessory pigments, evaluating the change in chlorophyll fluorescence from red to green until its disappearance. In the monitoring occurring over the weeks, we analyzed the pigment’s autofluorescence to discriminate between active cells (the presence of chlorophyll autofluorescence) and inactive/dead cells (between the absence of chlorophyll autofluorescence and complete absence of fluorescence) [42]. In addition to this direct qualitative method to monitor the temporal dynamic of biocidal efficiency, we performed cell counts. We captured the optical image at 20X magnification in visible and fluorescent light. For each product in each week, we observed 3 different optical slides, and for each slide, we captured 3 snapshot images, to have 9 images for each product each week. We analyzed the images through ImageJ software [47,48], and we performed cells counts, discriminating between the total fluorescent cells and the chlorophyll fluorescent cells (red ones). In this way, to normalize the number, we calculated the percentage of cells and the rate of autofluorescence loss.





3. Results


Biocidal Efficiency


The analysis of the three different systems—the free biocides, not-loaded nanocontainers, and loaded nanocontainers—showed multiple differences.



For the free biocide, the optical microscopy images at the 8th week show a higher efficiency of MBT than ZS, which does not highlight evidence of biocidal activity in both concentrations (Figure 2a). Indeed, it is clear in the images of both concentrations of ZS that no fluorescence reduction is evident. Instead, the MBT biocide shows a higher efficiency in 3 mg concentration than 1 mg, as expected, even if the chlorophyll’s fluorescence has not completely disappeared by the 8th week.



The quantitative analysis, performed with the cell count, confirms the qualitative data obtained by the optical microscope observation. The graph (Figure 2b) highlights that the vitality of the cells treated with MBT is reduced by about 50% after the first week for both concentrations but with different rates of reduction, with a rate of reduction of 0.88% and 4.7% in the 4th week, and 2.7% and 20.37 % in the 8th week for 1 mg and 3 mg, respectively.



All the nanocontainers (loaded and not loaded) present an initial reduction in chlorophyll autofluorescence, which can be noted with a color change of fluorescence from red to green, different to the pure biocide, which, after 1 week, did not show this effect.



The non-loaded nanosystems highlighted a clear reduction in chlorophyll autofluorescence of the photosynthetic microorganisms already after the first week and, almost complete disappearance of chlorophyll fluorescence after the 6th week. Indeed, the optical image at the 8th week shows the complete disappearance of chlorophyll fluorescence and only a few cells with very low green fluorescence. The quantitative analysis of non-loaded nanocontainers highlighted a very high efficiency rate, reducing the vitality of the cells at about 2% in only 4 weeks (Figure 3a).



Finally, the nanosystems loaded with different biocides highlighted a higher efficiency for the mesoporous systems (MNP) than the nanocapsules (NC). Indeed, in the optical images, it is clear that both MBT-NC and ZS-NC at the 8th week show complete disappearance of red fluorescence but a few cells with low green fluorescence, different to MBT-MNP and ZS_MNP that show complete disappearance of fluorescence.



Moreover, confirming the qualitative data from a quantitative point of view, it is also evident that nanocontainers loaded with the commercial biocide are more efficient than the green product. Indeed, Figure 3b shows that in the 4th week, MBT_MNP has a redution rate of 31.63% in comparison with 23.08% for ZS-MNP.



Comparing the biocide efficiency of pure biocide with the biocide loaded in the nanosystems, it is highlighted that there is a quantity reduction in biocide used of 10 and 12%, respectively, for MBT-NC and MBT-MNP, and 47.6 and 12.6%, respectively, for ZS-NC and ZS-MNP. This reduction is linked to an efficiency increase of 71 % and 50%, respectively, for 3 mg and 1 mg MBT, and of 100% for both nanocontainers with ZS.



Finally, the different efficiencies of the non-loaded nanosystems in comparison with the loaded nanosystems are highlighted by the quantitative analyses of green and red fluorescence (Figure 4), which show the complete disappearance of red cells (chlorophylls’ activity) at the 6th week, but differential data resulting for the complete disappearance of fluorescence. Indeed, the quantitative comparison between red and green fluorescence analyses shows the MNP system loaded with both biocides (MBT, ZS) at the 8th week gave rise to a complete disappearance of the fluorescent cells, and the same results occurred at the 6th week for the MNP systems loaded with MBT biocide (Figure 4).





4. Discussion


The formulation of nanosystems for a multifunctional coating applicable as a preventive tool against the colonization of microorganisms on stone monuments resulted in a real improvement of chemical treatments with biocides [7,49,50,51,52]. As previously stressed in the literature, the multifunctional coating in relation to their formulation and functionality can condition the release of antifouling products loaded in nanosystems [11,13,18,21,53,54]. In this way, it is therefore important as a first step to analyze the biocide efficacy in a controlled environment before incorporating the nanosystems into the coatings.



Our study showed that both the biocide chemical composition and the differential nanostructures can give rise to a differential efficiency in the antifouling activity against green algae. Indeed, the presence of CTAB (cetyl trimethyl ammonium bromide) as a surfactant gives nanocontainers an unequivocal biocidal activity against algal cells. This result could be expected because this product is commonly used in DNA extraction protocol for plants [55]; the negative effect against algal cells seems coherent. The presence of CTAB explains the antifouling activity of the nanosystems in the absence of further biocidal compounds.



However, CTAB is not used as a free biocide due to its toxicity and the possibility of it being released into the environment when directly applied on stone surfaces [56]. According to the EU Regulation [57], CTAB is a cetrimonium bromide (C19H42BrN) and it is classified in the safety data sheet as toxic for the environment (very toxic to aquatic life with long-lasting effects, Risk Category 1), and for restorer (if ingested and inhaled, Risk Category 4, or irritating to skin or mucous membranes, Risk Category 2/1), but in the same way, it is completely biodegradable both in water and in soil. Moreover, it does not bioaccumulate in organisms. Furthermore, in this context, CTAB is used in the synthesis procedure of nanocontainers and the amount in excess is removed by centrifugation and the application of multifunctional coatings containing the nanocontainers prevents its release into the environment [19,56,58]. Therefore, in view of an in situ application, even if residue should remain after washing, its quantity and its entrapment inside the coating would not make it toxic for the environment [19,56,57,58].



Furthermore, our results highlighted that the biocides used by direct applications (Figure 2), although in much higher quantities than in encapsulated biocide (Figure 3b), showed lower antifouling activity. In particular, ZS as a free biocide did not show any relevant biocidal activity against the algal cells at the experimented doses. Noteworthy, these data, which are the first on biocidal efficiency against algal cells, showed different results concerning previously reported data on biocidal efficiency against bacterial [37,59,60,61] and fungal species [61,62], such as in the case of encapsulated product [63,64]. Despite the promising results of previously detected microorganisms, ZS did not show a broad spectrum of biocidal efficiency. Such data can be related to the mechanisms of biocidal activity of this compound. Indeed, the previous studies demonstrate that this compound does not act by killing the microorganisms but by inhibiting their adhesion, blocking the interaction of the microorganisms with the surface [61,63,64,65].



Furthermore, the different efficiency between NC for the MNP systems highlighted that the second one presents higher efficiency (Figure 3b). This aspect seems to be related to the structure of the nanocontainers [21,22]. Indeed, the self-assembly method for the two nanosystems is different; the mesoporous system presents hexagonally packed cylindric mesopores whereas the nanocapsule presents a core-shell structure (Figure 1). These different structures seem to explain why in the short period, the MNP resulted more efficiently than the NC, since the biocide compounds result in being less trapped and more quickly released [21,22].



Finally, we also observe that different biodeterioration patterns can highly vary, and they form complex communities, resulting from different environmental and edaphic conditions [9,66,67,68]. Therefore, a biocidal system that is the best for all conditions does not exist. In any case, the establishment of the efficiency of some different nanosystems against one relevant component of biofilm occurring on stone monuments can be considered a significant result. We believe that such a result could be useful in the case of green algae colonization, occurring on stone surfaces showing high humidity values and low solar radiation. Further in situ tests will give new evaluations which will allow wider testing on other occurring organisms, such as cyanobacteria and meristematic fungi, which are not represented by these in vitro tests.



The potential interference of such coatings on stone surfaces was previously preliminarily assessed. Our results showed that the addition of the silica nanocontainers at 0.05% (w/v) in sol did not change the color of the coating and reduced the formation of cracks after drying [22].



Further promising results could also arise, combining systems with nanostructures and enzymes used for cleaning biological coatings, as shown by the recent literature [69].




5. Conclusions


The research, even if limited to in vitro tests, with the selection of one widely recurrent genus of green algae as the cultivable microorganism, confirmed the interest of the silica nanosystems coupled with biocides as a potential protective coating for stone monuments. In particular, nanoparticles, synthesized for the formulation of a multifunctional coating, proved better than nanocontainers as being promising tools in the conservation of stone cultural heritage. Enlarging the testing against other components of biological communities occurring on stone monuments, research must move forward to find the best combination between the type of encapsulated biocide and the most efficient nanosystem structure.
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Figure 1. Structure of nanocontainers synthetized: (a) Silica Nanocapsule (NC): Scheme, SEM images of NC loaded with Zostera sodium salt (ZS); (b) Mesoporous silica nanoparticles (MNP): Scheme, SEM images of NC loaded with Zostera sodium salt (ZS). For the representation of Silica Nanocapsule and Mesoporous silica nanoparticles loaded with MBT, we refer to Ruggiero et al. [21]. 
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Figure 2. Evaluation of Zostera sodium salt (ZS) and 2-mercaptobenzothiazole (MBT) efficiency applied as free biocides in different concentrations (3 mg and 1 mg). (a) Optical microscope image in blue channel fluorescent light at the 8th week. The loss of fluorescence of chlorophyll (red) highlights the efficiency of the biocide. (b) Graph of red fluorescence percentage of culture treated with different concentrations of both free biocides. The decrease in fluorescent cells’ percentage highlights the efficiency of products. 
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Figure 3. Evaluation of biocide efficiency of nanocontainers not loaded (NC; MNP) and loaded with the biocides (NC_ZS; NC_MBT; MNP_MBT; NC_MBT), where the decrease in fluorescent cells’ percentage highlights the efficiency of products. (a) Graph of red fluorescence percentage of culture treated with non-loaded nanocontainers. (b) Graph of red fluorescence percentage of culture treated with loaded nanocontainers. 
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Figure 4. Comparative evaluation between the fluorescence of accessory pigments (green) and the chlorophyll (red) of the nanocontainers not loaded and loaded with biocides. The changing of the cells’ fluorescence from red to green and the successive complete disappearance highlights the differential efficiency of products. 
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