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In recent decades, the relationship between Science and Art has been gradually strengthened through the use of diagnostic, conservation, and valorization technologies. New technologies can also be used to support the creation and durability of bio-artworks. Within such a context, starting from the Spring of 2014, we performed in situ experimentations to eventually increase the durability of the graphical artwork of William Kentridge on the Lungotevere embankments, whose creation was scheduled in the following years. We applied various combinations and concentrations of three different biocides (Algophase, Biotin R, and Preventol R80) and two water repellents (Hydrophase surfaces and Silo 111) on 34 test areas. However, the artist preferred to leave his artwork to a natural fading. Right before the realization of the graphical artwork “Triumph and Laments of Rome” in 2016, just the black biological colonizations mainly composed of cyanobacteria were removed through pressurized water. We monitored the artist's work through analyses of images and colorimetric variations and such drawings showed a duration of 4 years in the natural conditions of recolonization. Here we show how the recolonization of treated and control areas, analyzed with the same methods, showed an increased duration, 3 years longer than under natural conditions in the case of Preventol R80® and Biotin R® plus Silo 111®. The tested solutions showed differential effectiveness and multiple possibilities of use to support the maintenance of the artwork if the artist wanted to preserve his artwork for a longer period.
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1. Introduction

Science and scientists can support artists who want to realize artworks with natural and living materials. In fact, in recent decades, the relationship between Science and Art has been gradually strengthened by applying technologies for diagnostics, conservation, and the realization of artworks. Indeed, the scientific support offered to artists in creating and maintaining artworks using elements of nature is increasingly spreading (Kac, 2006; Kallergi, 2008; Idema, 2012; Yetisen et al., 2015; Gemtou, 2021). These contemporary artistic currents that concern the creation of artworks operating with biological growths are based on a variety of interdisciplinary approaches between Art and Science (Kac, 2006; Stracey, 2009; Idema, 2012; Anker, 2014; Sharma, 2014; Gemtou, 2021).

This type of artistic representation is quite recent. However, the first bio-artwork exposition was in 1933 when Alexander Fleming, who discovered the first antibiotic (i.e., penicillin), showed in a hospital aisle his “bacterial paintings”, obtained by inoculating bacteria on paper previously imbibed by culture medium (Stracey, 2009). The 1990s saw a more recent diffusion of this kind of art; for example, the Japanese artist Jun Takita became famous with his moss bioluminescence project, while the artist Diego Scroppo produced drawings using the bioluminescent fungus Panellus stipticus (Pascucci et al., 2016). Bio-Art has multiple possible applications, for instance the competition Agar Art, which was organized in 2015 by the American Society for Microbiology to draw attention to the world of microorganisms, showing their potential use for creating artistic paintings. Similarly, we cite The Urban Biome Map, 2nd place in the 2015 ASM Agar Art Contest, a multidisciplinary project involving citizens, scientists, and artists, aiming to show the personalized microbiome of the citizens of New York (ASM Agar Art Contest, 2015, ASM.org).

These kinds of projects in a natural environment are rare. However, in Rome, particularly, the Tiber River Embankments have been the canvas for two living artworks. Such riverbank walls, built between 1875 and 1926 to protect the city from flooding, are an important part of Rome's urban history developed over about 8 km and with a height of 18 m. They have a constant slope (80°) and are exclusively composed of travertine slabs from the outcrops of the Acque Albule thermal complex of the Tiburtini Mountains near Tivoli (Rome). The homogeneous substrate, its high micro- and macroporosity, and its inclination highly influence the amount of water retained and the bioreceptivity of the stone (Caneva et al., 2004). These characteristics are fundamental to explaining the biological origin of their surfaces' diffuse and homogeneous blackening (Bellinzoni et al., 2003; Kumbaric et al., 2012; Antonelli et al., 2020). Previous studies have characterized the communities of microflora that were composed mainly of cyanobacteria and green algae (Bartoli et al., 2021a). Considering the bioclimatic conditions of Rome, and the xeric conditions of the walls' embankments, exposed directly to high sunlight, the dominant organisms resulted in cyanobacteria, as commonly shown in similar conditions (Guillitte, 1995; Caneva et al., 2005, 2016; Barberousse et al., 2006). The taxonomic investigations showed that the walls are colonized by cyanobacteria such as Chroococcus lithophilus Erceg., Myxosarcina spectabilis Geitler, Tolypothrix byssoidea Kirch., Synechocistis pevalekii Erceg., Gloeocapsa biformis Erceg., Nostoc punctiforme Hariot, Synechococcus aeruginosus Nägeli, Scytonema julianum Meneghini ex B.A.Whitton and to a less extent green algae Desmococcus olivaceus (Persoon ex Acharius) J.R.Laundon, Muriella terrestris J.B.Petersen, Chlorococcum sp., and black meristematic fungi (Bellinzoni et al., 2003). Further bacteria were identified through biomolecular analysis (Antonelli et al., 2020).

Using this biological blackening spread on the Tiber River Embankments, in 2005, the American artist Kristin Johns, with her project “She-Wolves”, realized twelve figures as an iconic symbol of the foundation of Rome. The drawings were obtained by removing the biological patina through a pressure washer, forming the final figure as a sort of negative. The artwork lasted a few years due to the natural recolonization, but a detailed assessment of their duration was not carried out. Following the requests of Kristin Johns, starting in the Spring of 2014, we performed in situ experimentation in support of further artistic realizations, testing different mixtures of water repellents and biocides to delay the artworks' fading and loss.

Later, thanks to Kristin Jones' support through the foundation of TEVERETERNO, in 2016, the South African artist William Kentridge developed his project “Triumphs and Laments”, a procession of eighty figures which describe glorious and sad episodes of the history of the Eternal City, along the embankments between Ponte Sisto and Ponte Giuseppe Mazzini. In this case, Kentridge preferred to leave his artwork to fade naturally. Our previous monitoring of this artwork, analyzing image and colorimetric variations of the black patinas, showed a duration of 4 years in natural conditions of recolonization (from 2016–2020, Bartoli et al., 2021a).

In conservation science, biocides and water repellents are well known as direct treatments of biodeteriogens to avoid or delay natural colonization. Mainly, studies focus on laboratory tests (Nugari et al., 1993; Tiano et al., 1994; Bartolini et al., 2007; Urzí and De Leo, 2007; Moreau et al., 2008; Delgado and Charola, 2011; Pinna et al., 2012; Pinna, 2017; Jeong et al., 2018; Toreno et al., 2018; Fidanza and Caneva, 2019; Bartoli et al., 2021b) and are performed on a short-medium time scale (less than 3 years). However, in situ, the experimental conditions cannot be controlled. The studies on a long-time scale (multiyear, between 3–12 years) are scarce in the literature, given the complexity of execution (Charola et al., 2007; Nascimbene et al., 2009; Delgado Rodrigues et al., 2011; Salvadori and Charola, 2011; Pinna et al., 2018; Caneva et al., 2019). Considering the lack of research on technologies and techniques applied to the support of bio-artwork realization and the paucity of in situ long-timescale monitoring, this study aims to understand which chemical treatments could delay biological growth in a cleaned area, extending the lifetime of images and the dynamic recolonization process in different test conditions.



2. Materials and methods

A stretch of the Lungotevere near the Regina Margherita Bridge was selected as a test area. In October 2014, eight squares of the embarkment with an overall size of 64 × 64 cm were treated with the same techniques that were used by the artist while making the friezes, including white and gray areas, to simulate the nuances used in the drawings (Figure 1).


[image: Figure 1]
FIGURE 1
 Test areas on Tiber embankments near to Regina Margherita Bridge.


According to literature data on the toxicity and the safety for users and the environment (Caneva et al., 2008; Pascucci et al., 2016), and considering the customer's request, we selected three different biocides (Preventol ®R80, Algophase®, and Biotin R®) and two water-repellents (Silo 111® and Hydrophase Superfici®). We chose mixtures of biocides and water repellents according to previous data on their effectiveness in preventing biological colonization (Charola et al., 2007; Urzí and De Leo, 2007; Pinna et al., 2012), as reported in Table 1.


TABLE 1 Selected biocides and water repellents and their concentrations and mixtures.
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Preventol ®R80, widely used in restoration, can induce interference problems causing color variations on the substrate (Nugari et al., 1993). It has been shown to have a slight algaecide power at low concentrations (1%). We deemed it safer to use Preventol ®R80 at a low concentration, in combination with the other two biocides (Algophase®, Biotin R®).

We selected ten different dowels (10.5 × 4 cm each) as single test areas for the mixtures and concentrations applied in three series of repetitions (', ”, ”'), for a total of thirty dowels, with the scheme defined in Table 1. We also monitored the natural recolonization of the control untreated test areas (C). We applied all products with a paintbrush. Four test areas (T1, 2, 3, and 4) were pre-treated with Preventol R80 alone, before applying the biocide-water-repellent mixture to evaluate the differences without pre-treatment (T5, 6, 7, and 8). Moreover, we tested how it was possible to obtain nuances for the next eventual frieze. They would be created by reducing the cleaning of the surface and creating gray areas in which the colonization was not completely removed. In these areas, we could not apply biocides, as we would risk killing the microorganisms left to obtain the gray shades. Therefore, we applied water repellents on some gray tiles (T9 and T10) to see if we could delay the colonization to some extent.

In April 2014, 2 months after the product application, we began monitoring the test areas every 2 months until February 2015. Considering the few differences observed with the naked eye, we reduced the frequency of monitoring visits to one time per year until October 2022, when we observed the total disappearance of the test areas. The monitoring protocol is described below.

In October 2022, we collected biological samples to understand if the chemical-physical treatments affected the general composition of the communities. We selected the dowels without any treatment (BO = original black) and with only the physical removal of the biological patina (BA = black after cleaning, control test). We also selected the dowels that were pre-treated with Preventol R80 and those treated with the minimum and maximum products' application (T1', T1”' and T3', T3”'). We took sterile biological samples using a scalpel and we analyzed the fresh samples under an optical microscope (Olympus BX41) at different magnifications.

We performed field monitoring by evaluating the color changes with an EOPTIS CLM-194 handheld colorimeter with a measurement diameter of 8 mm according to the standard procedures defined in the European Standard EN15886:2010. We took ten measurements for each test area, trying to avoid the most significant holes and to minimize the influence of the superficial porosity of the travertine colorimetric measures (Caneva et al., 2004). After, we calculated the average values for the results obtained on the test areas that were treated in the same way to have a single data point.

To quantify the color variations, we used the color variation values recognized by the CIE-L*a*b* system (UNI-EN-15886, 2010). The color coordinates L*, a*, and b* determine the color location in the CIELAB color space: L* indicates lightness, a* redness– greenness, and b* (yellowness–blueness). We measured L*, a*, and b* values in selected treated areas (T1-T10) and in four untreated control test areas (C). Then, we calculated the total color variation (ΔE*) from three color parameters with the formula: ΔE = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2. The variations of the parameters L*, a*, and b* were calculated by evaluating the distance between the data points on each treated test area during the seven years of monitoring and the date of the first measurements, acquired on the single test areas in April 2014 (T0) (i.e., L* treated – L* T0). An increase in ΔE* and a decrease in ΔL* values can be related to recolonization processes. This phenomenon can be observed when the treated surface becomes darker and greener (decrease in Δa*) due to the growth of photosynthetic microorganisms. The values of color variation ΔE* over the threshold value of four were considered according to the literature (Pinna, 2017, 2022; Eyssautier-Chuine et al., 2018; Toreno et al., 2018) and our previous work on the Tiber embankments (Bartoli et al., 2021a). Indeed, restorers, and conservators defined this value as the limit where the human eye can see the total color change, so it was used to define the resumption of biological colonization. Lightness value results indicate a darkening when ΔL* values become negative. The data have been compared with the results obtained from the dowels that were not treated and thus represent natural colonization. The comparison between the treated and untreated areas was impossible to do in the same area because the control areas were subject to natural colonization.

For this reason, we have compared our results with the first measurements made at the beginning. As reported in the literature (Vergès-Belmin et al., 2008), the critical aspect in taking color measurements outdoors is due to different humidity conditions because the substrate contains different amounts of water. So, different water contents could influence the final colorimetric data. To minimize this problem, we have preemptively checked the micro climatic conditions to choose more similar ones, avoiding critical situations such as rainy periods.

At last, we collected climatic data of the sampling days (i.e., precipitation and average temperature) to choose the best periods to compare the colorimetric data in order to determine whether the differences of the colorimetric measurements were linked to weather conditions of the sampling days or to changes in the blackening on the surface. For this reason, we have compared the colorimetric measures performed in April/May from 2014 until 2021 and the first measure in October 2014 with the results obtained during the last survey in October 2021. Each colorimetric measure was taken during days and periods without rain.



3. Results


3.1. Microscopical observation of the biological patina

The comparison between the communities collected in the untreated and treated areas with the maximum concentration of biocide-hydro repellent solutions showed only a few differences in the species composition (Figure 2). The observation of the fresh preparations under an optical microscope at several magnifications highlighted that there was an evident difference in abundance of microorganisms during the recolonization phase.
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FIGURE 2
 Optical image at 10X magnification of different dowels on 22 October 2022. (a) BO, the community without any kind of alteration; (b) BA, recolonizing communities after only physical cleaning; (c) T1' dowel, recolonizing community after 1 application of PR80 + Alg + Hydro-5% and (d) T1”', with three applications; (e) T3' dowel, recolonizing community after 1 application of PR80 + BTr + Silo-4% and (f) T3”', with three applications.


The comparison between BO and BA (Figures 2a, b) showed the same composition, but in the second one, there is a smaller colonization, such as in the other comparison T1' vs. T1”' and T3' vs. T3”'. Moreover, the microscopic analysis showed that the three applications of PR80 + BTr + Silo-4% determined a considerable reduction of the recolonization rate (Figure 2f) but also a few changes in the biological colonization such as the absence of algal components in the community.



3.2. Application of different treatments

The color variation values ΔE* over the threshold value of four, as shown in Figure 3 and Table 2, were reached after 5 years (2019) with the application (repeated once) of all products, except for the product containing Preventol + Biotin R + Silo 111 with a 4% concentration. In May 2021, all test areas were completely recolonized (Figure 3). However, the recolonization is more evident in those areas treated with Preventol + Algophase + Hydrophase at both concentrations (5 and 3%), where the trend of ΔE *data was similar to the data of the control test area that was not treated. Although the areas treated with Preventol + Biotin R + Silo 111 at both concentrations (5 and 3%) also greatly exceed the threshold ΔE value of four, they still appear to have a lower coverage than the areas treated with other biocide mixtures and the coverage of the control test areas.


[image: Figure 3]
FIGURE 3
 Color and lightness variation (ΔE* and ΔL*) in the test areas treated with a single biocide application: (A) Preventol treatment followed by a mix of biocide and hydro repellent; (B) mix of biocide and hydro repellent; (C) only hydro repellent application. P, Preventol; A, Algophase; H, Hydrophase; B, Biotin R; S, Silo 111.



TABLE 2 Colorimetric results regarding the area treated by Preventol plus biocide mixed with hydrorepellent and the control test area from the starting point (April 2014).
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Furthermore, based on the results, the additional re-application of biocides has not affected the colonization delay. In fact, all four biocides in 2021 exceed the ΔE * threshold (Figures 4, 5). In some cases, such as with the Preventol + Biotin R + Silo 111 with a 3% concentration, the results seemed worse, showing a more significant color variation than with a single application. In May 2016, 2 years after the first treatment, all the areas treated only once showed no darkening, unlike the untreated control areas where negative values were recorded (Figure 3). In May 2017, the surfaces treated with the Preventol + Algophase + Hydrophase 3% product began to darken, while the surfaces treated with the same product at a concentration of 5% began to darken the following year. In May 2019, all the treated areas started to darken (Figure 3). Starting from May 2021, the areas treated with Preventol + Algophase + Hydrophase at both concentrations have shown the same trend as untreated control areas. The lightness results showed that tiles in which the products were applied multiple times (twice or thrice) have shown no improvement in the overall data (Figures 4, 5). On the contrary, the area treated with Preventol + Algophase + Hydrophase 3% has shown a darkening since 2016. Furthermore, in 2021 the tiles treated three times with this product seemed to perform worse than the untreated control areas (Figure 5). Table 2 also shows a decrease in Δa* values during the 7 years, showing a greenish tone that confirms a recolonization phenomenon. In October 2022, we observed that all four biocides had slowed down the recolonization with less blackening than the control test (ΔE < 25).


[image: Figure 4]
FIGURE 4
 Color variation (ΔE*) in the test areas treated with two and three series of repetitions: (A) Preventol treatment followed by a mix of biocide and hydro repellent; (B) mix of biocide and hydro repellent; (C) only hydro repellent application. P, Preventol; A, Algophase; H, Hydrophase; B, Biotin R; S, Silo 111.
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FIGURE 5
 Lightness variation (ΔL*) in the test areas treated with two and three series of repetitions: (A) Preventol treatment followed by a mix of biocide and hydro repellent; (B) mix of biocide and hydro repellent; (C) only hydro repellent application. P, Preventol; A, Algophase; H, Hydrophase; B, Biotin R; S, Silo 111.


The application of only the mixture with the biocide and water repellent without the preventive application of Preventol showed a test behavior like the natural situation recorded on the control tiles without the application of the products. Since 2017, three products (Algophase + Hydrophase 3 and 5%, and Biotin R and Silo 111 4%) out of four, applied once, had already exceeded the threshold ΔE* value of four CIELAB units, showing a visible recolonization of the surface (Figure 3, Table 3). In 2019, all the treated areas with the four products appeared visible (ΔE *> 4). Test areas treated with Algophase + Hydrophase 3 and 5% followed the similar trend of the untreated areas of the control test (Figure 3). The application of higher amounts of biocides has not slowed down the colonization. Figures 4, 5 show that since 2017 all the treated areas have darkened. Since 2017, the areas treated with products containing Algophase + Hydrophase have had the same trend as the untreated control areas. The repetitive application of biocides repetitions did not seem to influence the colonization behavior. In fact, in 2021, a negative lightness value ΔL *= ~-25 was achieved in one, two, and three re-applications of the product (Figures 4, 5). The decrease in Δa* values points out a potential presence of photosynthetic microorganisms that increased at the end of the seven years (Table 3). In October 2022, the dowels were no longer visible, so we could not monitor them.


TABLE 3 Colorimetric results regarding the area treated by biocide mixed with hydro repellent and the control test area, from the starting point (April 2014).
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Since 2016, a single application of the hydrorepellent has shown an increase in the colorimetric variation ΔE* (Figure 3 and Table 4). In 2020 and 2021, the areas treated with Hydrophase had values comparable to those obtained in the control areas, underlining the ineffectiveness of the product in slowing down the colonization. The data about lightness values confirmed the darkening of the surfaces treated since 2016 (Figure 3). The decrease in Δa* values (on average, in 2021, ~ −0.9) confirmed the presence of photosynthetic microorganisms that increased toward the end of the seven years (Table 4). An increase in the amount of the product with Silo 111, applied twice or three times, slowed down the recolonization. In fact, Figures 4, 5 showed a divergence of the data from the data of the control areas. However, as shown in Table 5, we registered major standard deviation values due to an extremely heterogeneous substrate in some test areas.


TABLE 4 Colorimetric results regarding the area treated by hydro repellent and the control test area, from the starting point (April 2014).

[image: Table 4]


TABLE 5 L* average values (in bold) and relative standard deviations (SD) recorded for each treated test area.
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4. Discussion

The life of a work of art involving live microorganisms has a duration linked to the survival or recolonization capacity of the organisms. In our case, we aimed to reduce the natural recolonization, depending on the velocity and rate of the natural colonization of the microorganisms involved. Our previous study on the Lungotevere embankments in Rome, where the Kentridge artworks were realized in 2016 (Bartoli et al., 2021a), concerning the time of natural recolonization of such microorganisms showed that during the first 2 years, no evident visual changes occurred (ΔE * < 4), but in the following 3 years, a complete regrowth was detected, with visible seasonal variations linked to rain and temperature seasonal trends (Caneva et al., 1995; Bellinzoni et al., 2003; Traversetti et al., 2018). As stated by Liebig and Shelford's laws (Odum et al., 1971) and highlighted by several authors (Caneva et al., 2008, 2015, 2016; Bartoli et al., 2014; Liu et al., 2018; Gaylarde, 2020) water was the main limiting factor controlling and conditioning the presence and the growth of these epilithic micro-communities.

Our research highlighted how using specific products can extend the artwork's life when reapplying the biocides after the fourth year. Moreover, our data also confirmed, as known, that the water repellents applied alone did not stop the microbial colonization, while water repellents plus biocides can better prevent microbial growth. However, in the case of artistic applications, such as obtaining shades of gray, the Silo 111 has shown a minimal effect in preventing biological growth and as such could be useful for the purpose.

Our results showed that applying different mixtures of the selected biocides delayed the recolonization until 2019 (after 5 years from the first application), as shown by the colorimetric data that registered variations not perceptible to the naked eye (ΔE * < 4). On the other hand, the control values on the untreated test and the data acquired in our previous study (Bartoli et al., 2021a) showed a restart of colonization [variations perceptible to the naked eye (ΔE *> 4)] starting from the 2nd year. Therefore, applying the selected products delayed the recolonization process by 3 years. Since 2019, the products have not entirely inhibited biological growth but slowed them down in comparison with the control data, making the work still visible, if not as neat as in the 1st years. Most test areas in this study, after 5 years (2019), began to show variations perceptible to the naked eye (ΔE *> 4).

The pre-treatment with Preventol R80® was efficient over time only when combined with an application of a mixture of biocide and water repellents. In fact, for the test areas without the pre-treatment of Preventol R80®, it was impossible to register the colorimetric data in October 2022 because the biological patina covered the surface. In detail, the solution of Preventol R80® e Biotin R® plus Silo 111® at both concentrations gave the best results. After 7 years, despite the restart of recolonization (ΔE *> 4), the data were still lower than those recorded on the control tests for the natural recolonization. The treatment slowed the regrowth for over 2 years (Bartoli et al., 2021a). The partial efficacy over time of the biocides and water repellent may be linked to their leaching from the surface during rain events (Wittmer et al., 2011), and could influence their eco-sustainability (Bollmann et al., 2017). In recent years, there have been technological advancements in the design of biocide products used to remove biofilms on monument surfaces. It would be useful to support and extend the life of the bio-artworks, testing innovative natural biocides or natural active compounds associated with nanotechnology (Fidanza and Caneva, 2019; Palla, 2020; Ruggiero et al., 2020; Tortora et al., 2020). This could allow an eco-friendly, sustainable, and safe approach for a long-lasting artistic production.

This study acquired data over a long period in natural conditions, obtaining a realistic trend of the results. However, it is important to stress some challenges encountered when monitoring in the field, linked to the highly heterogenous substratum as the travertine, the fluctuation over the time of the microclimatic parameters, and the exposure to the public. In this way, collaboration between artists and scientists is very important to obtain a more durable and functional realization of the artwork, which is however still destined to change and disappear over time.



5. Conclusions

This research provides new data about the efficiency of different mixes of products in slowing down biological recolonization, with the final purpose of supporting the realization of artwork made from natural and living materials. The relevant aspect of this study is that the monitoring lasted for 8 years (October 2022) in natural conditions, showing the performance of the applied products and the natural recolonization of travertine stone. Knowing how the different products can delay biological colonization allows a longer duration for such artworks. The analysis showed that the application of the tested products slowed down the restart of colonization by 3 years compared to natural conditions. The treatment that slowed down the total recolonization and therefore allowed a longer duration of the artwork (after 7 years, the recolonization was not yet completed) consisted of a Preventol-based pre-treatment followed by an application of a mixture of the solution of Biotin R® plus Silo 111®.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

FB and AC contributed to conception and design of the study, organized the database, performed the statistical analysis, and wrote the first draft of the manuscript. DI and AK organized the database and revised the first draft of the manuscript. GC contributed to conception and design of the study and revised the first draft of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

This work was supported by the Grant of Excellence Departments, MIUR – Italy (Art. 1, comma 314–337 legge 232/2016).



Acknowledgments

The authors would like to thank the artist Kristin Jones for inspiring this work and Alison Heritage (ICCROM) for the connection in such biological analysis and art, such as the TeverEterno association for involving and supporting us in the project. The authors thank CREA (Consiglio per la Ricerca in Agricoltura e l'Analisi dell'Economia Agraria) for the availability of climatic data. The authors also thank the ISCR institute for its support in data collection making the instrumentation available.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Anker, S. (2014). The beginnings and the ends of bio-art. Artlink 34, 16–17.


 Antonelli, F., Esposito, A., Calvo, L., Licursi, V., Tisseyre, P., Ricci, S., et al. (2020). Characterization of black patina from the Tiber River embankments using Next-Generation Sequencing. PLoS ONE 15, e0227639. doi: 10.1371/journal.pone.0227639

 ASM Agar Art Contest. (2015). Available online at: https://asm.org/Events/ASM-Agar-Art-Contest/Previous-Winners/2015 (accessed May 27, 2023).


 Barberousse, H., Lombardo, R. J., Tell, G., and Couté, A. (2006). Factors involved in the colonisation of building façades by algae and cyanobacteria in France. Biofouling 22, 69–77. doi: 10.1080/08927010600564712

 Bartoli, F., Casanova Municchia, A. L., Futagami, Y., Kashiwadani, H., Moon, K. H., and Caneva, G. (2014). Biological colonization patterns on the ruins of Angkor temples (Cambodia) in the biodeterioration vs bioprotection debate. Int. Biodeterior. Biodegrad. 96, 157–165. doi: 10.1016/j.ibiod.2014.09.015


 Bartoli, F., Municchia, A. C., Leotta, M., Luciano, S., and Caneva, G. (2021a). Biological recolonization dynamics: Kentridge's artwork disappearing along the Tiber embankments (Rome, Italy). Int. Biodet. Biodegr. 160, 105214. doi: 10.1016/j.ibiod.2021.105214


 Bartoli, F., Zuena, M., Sodo, A., and Caneva, G. (2021b). The efficiency of biocidal silica nanosystems for the conservation of stone monuments: Comparative in vitro tests against epilithic green algae. Appl. Sci. 11, 6804. doi: 10.3390/app11156804


 Bartolini, M., Pietrini, A. M., and Ricci, S. (2007). Valutazione dell'efficacia di alcuni nuovi biocidi per il trattamento di microflora foto sintetica e di briofite su materiali lapidei. Bollettino ICR 14, 101–111.


 Bellinzoni, A. M., Caneva, G., and Ricci, S. (2003). Ecological trends in travertine colonisation by pioneer algae and plant communities. Int. Biodet. Biodegr. 51, 203–210. doi: 10.1016/S0964-8305(02)00172-5


 Bollmann, U. E., Fernández-Calviño, D., Brandt, K. K., Storgaard, M. S., Sanderson, H., and Bester, K. (2017). Biocide runoff from building facades: Degradation kinetics in soil. Environ. Sci. Technol. 51, 3694–3702. doi: 10.1021/acs.est.6b05512

 Caneva, G., Bartoli, F., Ceschin, S., Salvadori, O., Futagami, Y., and Salvati, L. (2015). Exploring ecological relationships in the biodeterioration patterns of Angkor temples (Cambodia) along a forest canopy gradient. J. Cult. Herit. 16, 728–735. doi: 10.1016/j.culher.2015.01.001


 Caneva, G., Bartoli, F., Fontani, M., Mazzeschi, D., and Visca, P. (2019). Changes in biodeterioration patterns of mural paintings: multi-temporal mapping for a preventive conservation strategy in the Crypt of the Original Sin (Matera, Italy). J. Cult. Herit. 40, 59–68. doi: 10.1016/j.culher.2019.05.011


 Caneva, G., Bartoli, F., Savo, V., Futagami, Y., and Strona, G. (2016). Combining statistical tools and ecological assessments in the study of biodeterioration patterns of stone temples in Angkor (Cambodia). Sci. Rep. 6, 32601. doi: 10.1038/srep32601

 Caneva, G., Di Stefano, D., and Giampaolo, C. (2004). “Stone cavity and porosity as a limiting factor for biological colonisation: the travertine of Lungotevere (Rome),” in Proceedings of the 10th International Congress on Deterioration and Conservation of Stone, International Council on Monuments and Sites-Sweden, eds. D., Kwiatkowski, R., Löfvendahl (Sweden: ICOMOS) 227–232.


 Caneva, G., Gori, E., and Montefinale, T. (1995). Biodeterioration of monuments in relation to climatic changes in Rome between 19–20th centuries. Sci. Total Environ. 167, 205–214. doi: 10.1016/0048-9697(95)04581-K


 Caneva, G., Nugari, M. P., and Salvadori, O. (2008). Plant Biology for Cultural Heritage, Biodeterioration and Conservation. The Getty Conservation Institute, Los Angeles.

 Caneva, G., Salvadori, O., Ricci, S., and Ceschin, S. (2005). Ecological analysis and biodeterioration processes over time at the Hieroglyphic Stairway in the Copán (Honduras) archaeological site. Plant Biosys.139, 295–310. doi: 10.1080/11263500500343353


 Charola, A. E., Anjos, M. V., Rodrigues, J. D., and Barreiro, A. (2007). Developing a maintenance plan for the stone sculptures and decorative elements in the gardens of the national palace of Queluz, Portugal. Restor. Build. Monumen. 13, 377–387. doi: 10.1515/rbm-2007-6168


 Delgado Rodrigues, J., Anjos, M. V., and Charola, A. E. (2011). “Recolonization of marble sculptures in a garden environment,” in Biocolonization of Stone: Control and Preventative Methods, Proceedings from the MCI Workshop Series, 71–84.


 Delgado, R., and Charola, A. E. (2011). “Conservation approach diversity to address the decorative elements in the Gardens of the National Palace of Queluz, Lisbon, Portugal,” in Conservation of Stone in Parks, Gardens and Cemeteries, International Conference (Paris) 22–24.


 Eyssautier-Chuine, S., Calandra, I., Vaillant-Gaveau, N., Fronteau, G., Thomachot-Schneider, C., Hubert, J., et al. (2018). A new preventive coating for building stones mixing a water repellent and an eco-friendly biocide. Progr. Organic Coat. 120, 132–142. doi: 10.1016/j.porgcoat.2018.03.022


 Fidanza, M. R., and Caneva, G. (2019). Natural biocides for the conservation of stone cultural heritage: A review. J. Cult. Herit. 38, 271–286. doi: 10.1016/j.culher.2019.01.005

 Gaylarde, C. (2020). Influence of environment on microbial colonization of historic stone buildings with emphasis on cyanobacteria. Herit. 3, 1469–1482. doi: 10.3390/heritage3040081


 Gemtou, E. (2021). The Artistic Status of Bio-art. Rupkatha Interdiscipl. Stud. Human. 13, 1–13. doi: 10.21659/rupkatha.v13n1.02


 Guillitte, O. (1995). Bioreceptivity: a new concept for building ecology studies. Sci. Total Environ. 167, 215–220. doi: 10.1016/0048-9697(95)04582-L


 Idema, T. (2012). Art come to life: The specificity and significance of bioart. BioSocieties 7, 213–219. doi: 10.1057/biosoc.2012.4


 Jeong, S. H., Lee, H. J., Kim, D. W., and Chung, Y. J. (2018). New biocide for eco-friendly biofilm removal on outdoor stone monuments. Int. Biodet. Biodeg. 131, 19–28. doi: 10.1016/j.ibiod.2017.03.004


 Kac, E. (2006). Bio art. Soc. Sci. Inform. 45, 311–316. doi: 10.1177/0539018406063645


 Kallergi, A. (2008). Bioart on Display–Challenges and Opportunities of Exhibiting Bioart. The Netherlands: Leiden University.


 Kumbaric, A., Ceschin, S., Zuccarello, V., and Caneva, G. (2012). Main ecological parameters affecting the colonization of higher plants in the biodeterioration of stone embankments of Lungotevere (Rome). Int. Biodet. Biodegr. 72, 31–41. doi: 10.1016/j.ibiod.2012.02.009


 Liu, X., Meng, H., Wang, Y., Katayama, Y., and Gu, J. D. (2018). Water is a critical factor in evaluating and assessing microbial colonization and destruction of Angkor sandstone monuments. Int. Biodeterior. Biodegrad. 133, 9–16. doi: 10.1016/j.ibiod.2018.05.011


 Moreau, C., Vergés-Belmin, V., Leroux, L., Orial, G., Fronteau, G., and Barbin, V. (2008). Water- repellent and biocide treatments: Assessment of the potential combinations. J. Cult. Herit. 9, 394–400. doi: 10.1016/j.culher.2008.02.002


 Nascimbene, J., Salvadori, O., and Nimis, P. L. (2009). Monitoring lichen recolonization on a restored calcareous statue. Sci. Total Environ. 407, 2420–2426. doi: 10.1016/j.scitotenv.2008.12.037

 Nugari, M. P., Pallecchi, P., and Pinna, D. (1993). “Methodological evaluation of biocidal interference with stone materials –preliminary laboratory test,” in Congress on Conservation of Stones and Other Materials. Proceedings of International UNESCO/RILEM, Paris E and FN Spon (London) 295–302.


 Odum, E. P., Odum, H. T., and Andrews, J. (1971). Fundamentals of ecology, 3. Saunders, Philadelphia.


 Palla, F. (2020). “Biotechnology and Cultural Heritage Conservation,” in Heritage (London, UK: IntechOpen). doi: 10.5772/intechopen.90669

 Pascucci, S., Bartoli, F., Casanova Municchia, A., and Caneva, G. (2016). “Differential effects of conservation treatments on the dynamics of biological recolonization of travertine: case study of the Tiber's embankments (Rome, Italy),” in Science and Art: A Future for Stone. Proceedings of the 13th International Congress on the Deterioration and Conservation of Stone, eds. J., Hughes, T., Howind (Paisley), 915–922.


 Pinna, D. (2017). Coping with Biological Growth on Stone Heritage Objects: Methods, Products, Applications, and Perspectives. Palm Bay: Apple Academic Press. doi: 10.1201/9781315365510


 Pinna, D. (2022). Can we do without biocides to cope with biofilms and lichens on stone heritage? Int. Biodeterior. Biodegrad. 172, 105437. doi: 10.1016/j.ibiod.2022.105437


 Pinna, D., Galeotti, M., Perito, B., Daly, G., and Salvadori, B. (2018). In situ long-term monitoring of recolonization by fungi and lichens after innovative and traditional conservative treatments of archaeological stones in Fiesole (Italy). Int. Biodeterior. Biodegrad. 132, 49–58. doi: 10.1016/j.ibiod.2018.05.003


 Pinna, D., Salvadori, B., and Galeotti, M. (2012). Monitoring the performance of innovative and traditional biocides mixed with consolidants and water-repellents for the prevention of biological growth on stone. Sci. Total Environ. 423, 132–141. doi: 10.1016/j.scitotenv.2012.02.012

 Ruggiero, L., Bartoli, F., Fidanza, M. R., Zurlo, F., Marconi, E., Gasperi, T., et al. (2020). Encapsulation of environmentally-friendly biocides in silica nanosystems for multifunctional coatings. Appl. Surf. Sci. 514, 145908. doi: 10.1016/j.apsusc.2020.145908


 Salvadori, O., and Charola, A. E. (2011). “Methods to prevent biocolonization and recolonization: an overview of current research for architectural and archaeological heritage,” in Biocolonization of Stone: control and Preventive Methods, Proceedings from the MCI Workshop Series. Smithsonian Contribution Muscle Conservation. 2, 37–50.


 Sharma, S. (2014). Bio-art: developing art through bio-science. Everyman's Sci. 48, 405–408. Available online at: https://sciencecongress.nic.in/hindi/pdf/e-book/Feb_March_2014.pdf#page=17 (accessed May 26, 2023).


 Stracey, F. (2009). Bio-art: the ethics behind the aesthetics. Nat. Rev. Mol. Cell Biol. 10, 496–500. doi: 10.1038/nrm2699

 Tiano, P., Accolla, P., and Tomaselli, L. (1994). Biocidal treatments on algal biocoenosis control of lasting activity. Sci. Technol. Cult. Herit. 3, 89–94.


 Toreno, G., Isola, D., Meloni, P., Carcangiu, G., Selbmann, L., Onofri, S., et al. (2018). Biological colonization on stone monuments: a new low impact cleaning method. J. Cult. Herit. 30, 100–109. doi: 10.1016/j.culher.2017.09.004


 Tortora, L., Di Carlo, G., Mosquera, M. J., and Ingo, G. M. (2020). Nanoscience and nanomaterials for the knowledge and conservation of cultural heritage. Front. Mater. Sci. 7, 372–374. doi: 10.3389/978-2-88966-297-5


 Traversetti, L., Bartoli, F., and Caneva, G. (2018). Wind-driven rain as a bioclimatic factor affecting the biological colonization at the archaeological site of Pompeii, Italy. Int. Biodeterior. Biodegrad. 134, 31–38. doi: 10.1016/j.ibiod.2018.07.016


 UNI-EN-15886 (2010). Misura del coloure delle superfici ICS: 97.195. Conservazione dei Beni Culturali 2010.


 Urzí, C., and De Leo, F. (2007). Evaluation of the efficiency of water-repellent and biocide compounds against microbial colonization of mortars. Int. Biodet. Biodegr. 60, 25–34. doi: 10.1016/j.ibiod.2006.11.003


 Vergès-Belmin, V., Rolland, O., and Leroux, L. (2008). “Can we be confident in colour measurements performed outdoors,” in Proceedings of the 11th International Congress on Deterioration and Conservation of Stone, Torun 267–274.


 Wittmer, I. K., Scheidegger, R., Stamm, C., Gujer, W., and Bader, H. P. (2011). Modelling biocide leaching from facades. Water Research. 45, 3453–3460. doi: 10.1016/j.watres.2011.04.003

 Yetisen, A. K., Davis, J., Coskun, A. F., Church, G. M., and Yun, S. H. (2015). Bioart. Tr. Biotech. 33, 724–734. doi: 10.1016/j.tibtech.2015.09.011





OPS/images/fmicb-14-1178900-g005.gif





OPS/images/fmicb-14-1178900-t001.jpg
Biocide

Active principle

Mixture and concentration

Mixture and
application

Water repellents

Silo 111®

Preventol R80® alkyl-dimethyl-benzylamine chloride 4% in distilled water

Algophase® 2,3,5,6-tetrachloro-4-methylsulfonyl- 5-3% of Algophase directly in
pyridine Hydrophase Superfici

Biotin R® OIT and Carbamate 4-3% of Biotin R directly in silo 111

Active principle

Methylethoxy polysiloxane

Concentration

10% in white spirit

Hydrophase Superfici®

Alkyl alcoxy silane

40% in isopropyl alcohol

T, T1, T1”
T2} T2”, T2”
T3, 13", T3”
T4, T4”, T4”
TS, T5”, T5”
T6} T6”, T6™
17,17, T7”
T8 T8”, T8”
T9, T9”, T9™
T10} T10% T10”
cc,cne”

PRS0 + Alg + Hydro-5%
PRS0 + Alg + Hydro-3%
PRS0 + BTr + Silo111-4%
PR80 + BTr + Silo111-3%
Alg + Hydro-5%

Alg + Hydro-3%

BTr + Silo111-4%

BTr + Silo111-3%

Silo111 10%

Hydro 40%

Control






OPS/images/fmicb-14-1178900-g003.gif





OPS/images/fmicb-14-1178900-g004.gif
A Preventol RBOPAs bocide + weter epatent B Socides wanwr cpatent.

% I _mﬂﬂﬂ M |






OPS/images/fmicb-14-1178900-t004.jpg
(0) 0 0] 0] 0] 018 (0] 0] 0] 8/10/20

Hydrorepellent T AL 0.00 —0.87 —2.80 —3.94 —8.32 —9.45 —13.55 —13.03 —18.64 id
Aa 0.00 —0.07 —0.27 —0.11 —0.26 —0.27 —0.20 —0.54 —1.02 *
Ab 0.00 —0.75 —041 —0.35 —-1.62 =197 —2.28 —1.03 —133 o
AE 0.00 115 2.84 3.96 8.48 9.66 13.74 13.09 18.72 N
TY” AL 0.00 285 2.86 —2.51 —-3.32 —6.38 —10.83 —13.06 —14.34 .
Aa 0.00 —0.13 —0.25 —0.16 —0.14 —0.25 —0.14 —0.31 —077 %
Ab 0.00 —0.80 —0.60 —1.38 —152 —2.55 —2.52 —2.04 —1.03 *
AE 0.00 2.96 293 2.87 3.65 6.88 1112 13.23 14.40 *
T9” AL 0.00 1.38 —0.69 —2.25 0.86 —10.80 —5.42 —8.98 —14.42 *
Aa 0.00 0.07 —0.10 0.06 0.12 0.05 —0.06 —0.43 —0.89 *
Ab 0.00 —0.02 029 0.83 1.06 —0.62 0.02 —0.02 071 *
AE 0.00 1.38 0.76 2.40 137 10.82 5.42 8.99 14.46 *
T10" AL 0.00 —1.02 -3.70 —6.95 —7.89 —7.46 —8.17 —23.34 —26.44 *
Aa 0.00 0.12 —0.02 0.31 0.33 0.18 0.09 —0.08 —0.65 *
Ab 0.00 0.10 0.29 0.37 —0.37 —0.48 —0.26 —0.62 —0.38 *
AE 0.00 1.03 371 697 791 7.48 8.17 2334 2645 *
T10” AL 0.00 0.20 —3.33 =772 —11.78 —12.38 —8.69 —6.65 —19.25 *
Aa 0.00 0.13 —0.02 0.05 0.03 —0.12 —0.11 —0.30 —0.54 i
Ab 0.00 —0.03 —0.50 —1.45 —-173 -2.01 —2.04 0.16 0.52 *
AE 0.00 024 3.37 7.86 1191 12.54 8.93 6.66 19.27 *
T10™ AL 0.00 115 —1.17 —7.40 —8.89 —14.01 —14.95 —15.43 —13.29 o
Aa 0.00 0.01 —0.17 —0.04 —0.01 —0.03 —0.07 —0.39 —0.98 *
Ab 0.00 —0.50 —0.35 -117 —128 -172 -171 —0.52 —0.65 *
AE 0.00 1.25 1.23 7.49 8.98 14.12 15.05 15.44 13.34 *

Control test C AL 0.00 —0.63 —3.35 —5.10 =713 —10.87 —16.22 —20.48 —25.14 —26.36

Aa 0.00 0.14 —0.06 —0.11 —025 —0.33 —0.46 -119 —1.33 —141

Ab 0.00 —0.26 —0.36 —1.26 —1.65 —2.60 —2.56 —1.42 —0.82 —1.33

AE 0.00 0.69 337 5.26 7.33 1119 16.43 20.56 25.19 26.43

*Indicates the area where it was not possible to distinguish the test area.






OPS/images/fmicb-14-1178900-t002.jpg
0 0 0 0 0 018 0 0 0 8/10/20
Preventol plus ™ AL 0.00 201 1.60 164 114 —173 ~1056 —12.53 —24.08 —17.14
biocide mixed
sith Aa 0.00 0.49 0.48 0.30 031 0.24 —0.8 —082 —125 —151
hydrorepellent Ab 0.00 674 L1t 0.59 039 ~001 ~105 —0380 —152 —078
AE 0.00 736 200 177 125 175 1061 12.58 2416 1722
™ | AL 0.00 281 131 —115 —055 —061 —795 262 ~1077 —1544
Aa 0.00 0.10 —0.13 —031 —043 —048 ~090 —141 ~196 —219
Ab 0.00 0.40 0.28 —090 —187 -127 —290 —2.00 —163 —183
AE 0.00 284 135 149 2.00 149 851 358 1107 1570
T | AL 0.00 268 2.40 417 191 —083 —778 —663 ~19.70 ~1756
Aa 0.00 0.32 0.17 0.18 0.08 0.02 —0.13 —049 ~135 —142
Ab 0.00 191 144 151 0.80 072 —061 0.38 0.2 055
AE 0.00 331 2.80 143 207 110 7.80 6.6 19.77 17.63
™ | AL 0.00 0.40 —097 2,60 —301 ~1.70 —9.00 ~13.05 -21.53 —17.42
Aa 0.00 —0.14 —042 —028 —064 —064 —078 —156 233 237
Ab 0.00 ~067 —1.09 -137 —2.10 —224 —335 —259 271 —281
AE 0.00 0.79 151 295 373 289 9.63 1339 2183 17.80
™ | AL 0.00 082 ~036 —044 —531 —7.46 —1183 —1357 —2121 —2265
Aa 0.00 025 0.05 —009 —035 ~055 ~070 —118 ~1.96 -169
Ab 0.00 0.87 037 —049 —147 —182 213 —236 244 ~190
AE 0.00 122 0.52 0.6 552 7.70 1204 13.83 2144 279
™ | AL 0.00 0.98 —073 —115 —448 217 ~1673 ~17.10 -33.39 —2935
Aa 0.00 011 —0.17 —0.18 —032 ~039 —047 —078 —157 -122
Ab 0.00 ~007 —o0.11 —062 —079 ~1.09 232 —165 —159 ~090
AE 0.00 0.99 076 132 456 246 1690 17.19 3346 2039
™ | AL 0.00 272 172 116 0.65 155 —275 262 —8.10 —1692
Aa 0.00 ~001 —007 —0.09 —033 ~036 —053 —042 —135 —188
Ab 0.00 ~040 035 —004 —091 ~115 -178 —0.68 ~0.70 217
AE 0.00 275 176 116 117 197 332 274 824 17.16
™ | AL 0.00 425 2.19 153 395 227 —0.68 —689 —11.02 —1574
Aa 0.00 ~0.10 —021 —021 —032 ~003 —054 —183 —2.48 203
Ab 0.00 ~040 007 0.05 —057 ~0.30 —124 —220 —192 —216
AE 0.00 127 2.20 154 101 229 151 7.46 1146 1602
T | AL 0.00 578 2,69 484 337 574 —056 —981 ~7.09 —627
Aa 0.00 0.02 —027 ~030 ~036 —0.42 —052 ~105 —174 ~170
Ab 0.00 072 1.00 112 0.36 0.44 ~0.60 —168 058 052
AE 0.00 583 2.88 198 341 577 117 1001 7.32 651
™ | AL 0.00 253 120 0.33 011 230 —393 —332 —591 —1132
Aa 0.00 ~029 —042 —053 —073 —0.83 ~1.10 —194 —2.66 243
Ab 0.00 ~137 —097 —128 ~1386 —2.45 —339 —3.14 282 —332
AE 0.00 289 159 143 201 346 531 1496 7.07 12.05
™ | AL 0.00 172 —021 —008 ~130 —3.04 —671 ~13.68 —22.85 —1436
Aa 0.00 0.02 ~0.19 —001 ~008 ~026 —041 —045 —151 —171
Ab 0.00 0.24 0.06 123 078 0.14 —046 —0.17 ~085 091
AE 0.00 174 0.29 123 152 315 674 13.69 291 1449
™ | AL 0.00 0.70 —085 ~006 -316 —143 —8.11 —673 ~19.19 —1641
Aa 0.00 ~0.10 —024 —0.17 —024 ~036 —052 —089 —171 —179
Ab 0.00 —074 0.05 —022 —0.69 ~1.09 -175 —113 ~165 ~105
AE 0.00 102 0.88 0.28 324 183 831 6.89 19.33 1654
Control test c AL 0.00 —063 -335 —5.10 713 ~1087 ~1622 —2048 —25.14 ~2636
Aa 0.00 0.14 —006 —o011 —025 —033 —046 —119 —133 —141
Ab 0.00 ~026 ~036 ~126 —165 —2.60 —256 142 —082 -133
AE 0.00 0.69 337 526 733 119 1643 2056 25.19 2643






OPS/images/fmicb-14-1178900-t003.jpg
0 0 0 0 0 018 0 0 0 8/10/20
Biocide mixed T5 AL 0.00 102 053 —3.89 —6.12 —8.11 —2029 -2272 —27.01 0.00
:;::owpeuem Aa 0.00 0.49 035 036 0.19 029 0.15 —0.07 —0.59 0.00
Ab 0.00 —0.06 022 097 —1.49 221 —3.24 -229 ~2.06 0.00
AE 0.00 114 067 403 630 8.41 2054 2284 27.10 0.00
T | AL 0.00 1.80 127 289 —541 —412 —6.95 —10.99 —1346 —19.49
Aa 0.00 031 026 0.02 0.01 0.04 —0.20 —031 —0.88 —151
Ab 0.00 105 043 -113 —0.74 —1.02 —183 -2.35 —1.74 -197
AE 0.00 211 137 3.10 5.46 424 7.19 11.24 13.60 19.65
" | AL 0.00 —0.65 157 —1.92 —441 —9.67 —1337 2042 —23.99 ®
Aa 0.00 045 020 030 0.09 0.01 0.20 —0.15 —0.68 *
Ab 0.00 —0.28 005 ~1.16 ~1.50 -255 ~2.67 ~1.93 -197 .
AE 0.00 0.84 158 226 466 10.00 13.64 2051 24.08 *
6 AL 0.00 0.99 —0.90 —061 —635 -7.51 —1696 —16.65 —25.79 *
Aa 0.00 015 —0.02 —0.17 —015 025 —0.42 —0.69 ~1.26 *
Ab 0.00 —0.54 —023 —1.67 —236 271 -3.73 —2.64 —2.40 ®
AE 0.00 L14 093 179 678 7.99 17.37 16.87 2593 *
6" | AL 0.00 —0.90 —417 —4.04 —871 —1058 —2093 —23.99 —33.97 %
Aa 0.00 0.30 023 021 0.34 013 —0.02 —0.48 —0.62 ®
Ab 0.00 091 060 —0.21 -133 —1.90 261 —1.66 ~1.30 *
AE 0.00 131 422 405 8.82 10.75 21.09 2405 34.00 »
T6” | AL 0.00 0.16 —4.13 —5.80 —632 —11.66 —17.26 —17.90 2044 #
Aa 0.00 0.08 —0.07 —0.01 —0.14 —024 0.00 —033 097 *
Ab 0.00 —0.48 —0.46 —1.66 —2.02 —2.80 -317 -2.20 —1.84 &
AE 0.00 051 416 603 6.64 11.99 17.55 18.04 2054 *
v AL 0.00 5.82 3.89 095 —4.96 —755 -1072 —12.69 1524 ®
Aa 0.00 017 005 —0.01 —0.16 —032 —0.18 —0.62 —0.93 %
Ab 0.00 —0.33 009 —0.70 —1.50 —2.48 -2.78 —191 —091 ®
AE 0.00 5.83 3.89 118 518 7.95 11.08 12.85 15.30 *
77 | AL 000 136 0.59 —1.85 —451 —443 —10.12 -11.12 —1447 £
Aa 0.00 —0.06 —0.23 —0.31 —055 —055 —0.59 —1.09 —185 #
Ab 000 —L14 —0.44 —1.36 —243 —255 —3.36 —2.56 —2.22 #
AE 0.00 177 0.77 231 5.15 5.14 10.68 1146 1476 #
™7 | AL 000 081 —1.39 086 —486 —2.00 —8.91 —1L15 —16.38 #
Aa 000 031 0.02 035 006 0.05 0.01 —0.53 -117 L
Ab 000 —0.77 —0.20 134 —075 —036 -171 —1.54 —1.59 ®
AE 000 117 140 163 492 203 9.07 1127 16.49 ®
T8 AL 0.00 240 178 213 —128 -195 —6.86 —12.98 —1936 s
Aa 000 017 015 005 0.00 —0.19 —0.15 —0.59 132 &
Ab 0.00 —0.68 0.30 037 —051 -121 —226 —1.99 -1.79 &
AE 0.00 250 1.81 2.16 138 230 7.22 13.15 19.49 &
T8 | AL 0.00 —0.05 -3.01 —4.09 ~7.09 —1221 ~1665 —24.44 —21.41 ®
Aa 0.00 0.07 0.19 018 —0.06 —028 —0.04 —0.43 —097 &
Ab 0.00 —0.66 0.10 —0.11 —065 —2.44 —2.92 —2.89 —057 *
AE 0.00 0.67 301 410 7.12 1245 16.90 2462 2144 2
8" | AL 000 283 192 -2.76 —4.50 —5.13 —1050 —13.19 -1737 *
Aa 0.00 0.03 —0.18 ~0.10 —0.18 028 —0.20 —0.66 —1.09 ®
Ab 000 —071 —0.64 —0.89 -135 —211 —2.80 —2.10 201 *
AE 000 292 203 2.90 470 5.55 10.87 13.37 17.52 *
Control test (e AL 000 —063 -3.35 —5.10 —7.13 —10.87 —1622 —20.48 —25.14 —2636
Aa 0.00 0.14 —0.06 —0.11 —025 033 —0.46 —119 -133 —141
Ab 0.00 026 —0.36 —1.26 —165 —2.60 —2.56 142 —082 -133
AE 000 0.69 337 526 7.33 1119 1643 2056 25.19 2643

*Indicates the area where it was not possible to distinguish the test area.






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Science for art: multi-years' evaluations of biocidal efficacy in support of artwork conservation



		1. Introduction



		2. Materials and methods



		3. Results



		3.1. Microscopical observation of the biological patina



		3.2. Application of different treatments







		4. Discussion



		5. Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Science for art: multi-years’
evaluations of biocidal efficacy in
support of artwork conservation





OPS/images/fmicb-14-1178900-g001.gif





OPS/images/fmicb-14-1178900-g002.gif





OPS/images/fmicb-14-1178900-t005.jpg
03/04/2014 09/05/2016 30/05/2017 22/05/2018 24/05/2019 26/05/2020 20/05/2021
Average Average Average Average Average Average SD Average
T1 T 68.97 232 70.61 1.06 70.12 343 67.24 277 0.00 0.00 56.44 342 44.89 7.51
i 65.88 148 64.73 447 65.33 585 65.27 254 57.94 476 6327 3.15 55.11 5.80
T 75.38 267 79.55 216 77.30 3.70 74.55 530 67.61 0.40 68.75 633 55.68 8.13
T2 T2 66.30 3.06 68.89 346 63.28 4.04 64.60 466 57.30 8.82 5325 373 44.76 345
g 68.11 1.03 67.67 192 62.79 257 60.64 192 56.27 2.09 54.53 7.18 46.90 7.29
2" 69.90 242 68.75 374 65.41 449 67.73 342 53.17 926 52.80 7.60 0.00 0.00
T3 T3 65.10 220 66.26 215 65.76 338 66.66 351 0.00 423 6248 533 57.00 625
T3” 65.62 079 67.15 3.00 69.57 344 67.89 3.03 64.95 3.00 58.74 443 54.60 5.00
G il 71.27 353 76.11 331 74.64 458 77.01 372 70.41 891 61.46 7.69 6418 8.82
T4 T4 64.92 1.06 65.25 197 65.03 3.97 67.23 3.10 60.99 446 61.60 877 59.02 7.52
T4 75.09 333 75.02 4.03 73.79 553 71.95 367 6838 659 6141 4.16 5224 677
T4” 73.58 207 73.52 264 70.42 4.9 7215 289 65.47 8.45 66.85 503 54.40 9.66
TS5 5 65.27 487 61.38 340 59.16 3.56 57.17 3.80 4499 563 4255 529 38.26 345
5" 61.27 283 58.38 3.76 57.15 5.61 5432 592 50.28 470 47.81 3.38 41.78 470
T5” 6122 3.93 59.30 338 56.81 5.05 5155 4.02 47.85 582 40.80 435 37.24 270
6 T6 61.35 0.72 60.74 3.02 55.00 395 53.84 334 0.00 0.00 4470 5.01 35.56 2.06
T6” 69.53 127 65.49 3.66 60.82 4.89 58.95 832 0.00 563 45.54 499 0.00 0.00
T6” 60.40 332 54.60 3.02 54.08 229 48.74 359 0.00 3.57 42.50 430 39.96 531
7 7 54.56 244 53.61 313 49.60 4.02 47.01 382 43.84 438 4187 325 39.32 244
T7” 60.78 242 58.93 2.19 56.28 3.50 5635 323 50.66 4.13 49.66 437 4631 391
TP 60.23 357 61.09 453 55.37 6.19 58.89 8.14 51.32 8.13 49.08 511 43.85 436
T8 8 61.26 252 63.39 276 59.98 3.66 59.31 460 54.40 387 4828 373 41.90 472
8 63.59 280 59.50 293 56.50 414 51.38 5.46 4694 3.40 39.15 142 4218 651
T8” 57.29 1.59 5453 295 52.79 233 52.16 4.18 46.79 4.68 44.10 2.96 39.92 838
9 T9 56.76 4.96 52.82 395 48.44 5.48 4731 5.09 4321 528 43.96 5.65 38.12 5.05
T9” 48.28 203 45.77 233 4496 437 41.90 277 37.45 381 35.09 1.99 33.94 131
T9” 55.44 1.69 53.19 529 56.30 572 0.00 0.00 50.02 7.20 46.66 624 41.02 581
T10 T10° 60.78 208 53.83 554 52.89 245 53.32 404 52.61 3.69 37.45 523 34.34 102
T10” 5439 178 16.67 274 1261 442 4201 445 45.70 599 47.74 441 35.14 1.83
T10” 52,01 249 44.61 479 1312 425 38.00 299 37.06 3.05 36.58 3.52 38.72 121










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Microbiology





