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Abstract

:

Keeping agents that cause biodeterioration under control is a common task in restoring and conserving artworks. However, there are very few studies, specifically those concentrating on pictorial works, that provide solutions compatible with the complex mix of organic and inorganic materials to be found in such cultural assets. This study aims to use biocide products that are commonly used in this field (benzalkonium chloride, o-phenylphenol, and tributyltin naphthenate) and which are associated with natural varnishes with a long tradition in artistic practices, in order to protect paintings and polychrome sculptures from environmental fungi and bacteria without altering the original materials or the visual appearance of the artworks. The effectiveness or innocuousness of the treatments was tested chemically and visually via optical microscopy, gas chromatography–mass spectrometry (GC-MS), and a multidimensional scaling analysis (MDS); the treatments produced good results as regards the inhibition of microbial growth and scarce interaction with the artistic materials being studied.
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1. Introduction


Biological agents are one of the main causes of deterioration in cultural assets, and biocide products are among the solutions used to control them [1,2,3,4]. The use of these substances has been studied in significant papers focusing principally on treating ornamental stone, and these have been the main source of information on the matter until now [5,6,7,8,9]. Different products’ action, toxicity, chemical stability, and interactions with the original materials have been evaluated in order to apply the treatments more effectively, meaning an approach that is innocuous, has a low-cost, and has low human and environmental toxicity for the artistic materials [10,11,12,13,14,15].



Studies focusing on paintings show the problems in applying biocide treatments to different types of polychromies, as well as the difficulty in eliminating microorganisms without altering the pictorial layer [16,17]. There are few products available for use on these cultural assets due to a lack of data about their necessary harmlessness towards the pigments and film-forming materials (binders and varnishes) that make up pictorial artworks, as well as the long-term effects on them [18]. The most commonly used biocides were not created specifically for use on cultural heritage; rather, they are disinfectants and pesticides for broad industrial usage. They fall within groups of chemicals such as the organometallic and nitrogen compounds, phenols, and quaternary ammonium derivatives [14,19,20,21].



There is also a rather limited range of methods for applying paint treatments [14]. The most common ones usually involve applying biocides in liquid form and fumigation with gases. One possible alternative that has been explored very little is to use materials with biocide incorporated. Restorers often carry out these tasks empirically, mixing them with water repellents or consolidants, but only in the area of mortars for restoration have serious attempts been made to obtain products with biocidal activity [22,23,24].



This study raises the possibility of using varnishes with incorporated biocide to give artworks protection against environmental microorganisms. Terpenic varnishes have traditionally been used as the final layer of protection so that they can act as a barrier between the pictorial layer and the external environment. It should be noted that they are susceptible to microbial colonization, although they are a restrictive substrate only suitable for microorganisms with certain metabolic and physiological capabilities (production of spores, resistance to a shortage of nutrients, resistance to xeric environments, etc.). Penicillium and Aspergillus are the most commonly described fungi associated with biodeterioration in polychrome artworks, and the genus Bacillus and Arthrobacter among bacteria [25,26,27,28,29]. Biodeterioration of these materials has been studied in past publications, which have described different analytical markers for these processes [30,31,32,33].



Nevertheless, terpenic varnishes naturally suffer from ageing processes that lead to phenomena such as yellowing and a loss of transparency. A common restoration task is to completely or partially eliminate them and revarnish the artworks. This can be done with products with incorporated biocide, which can add extra protection to the pictorial layer against microbial biodeterioration of paintings and polychrome sculptures.



The use of varnishes with biocidal activity has been studied very little until now. Souza and Gaylarde [34] evaluated the colonization of pinewood varnished with an unspecified alkyl resin with an incorporated biocide based on 2,3,5,6-tetrachloro-4 (methyl sulphonyl)-pyridine at a concentration of 0.3%. They concluded that the effects on the varnish layer, measured using the changes on the surface observed microscopically, were significantly lower than in the same varnish not treated with biocide.



Our research group also contributed some results in this area [35], which we shall look at in greater detail in this work. We propose using biocides associated with natural diterpene resins such as colophony (rosin), sandarac, and Manila copal, which are widely used in fine arts as the final layer of protection against biodeterioration in artworks (mainly paintings and polychrome sculptures). Their effectiveness against selected bacteria and fungi is tested in this study using optical microscopy, gas chromatography–mass spectroscopy (GC-MS), and a multidimensional scaling analysis (MDS). On the whole, we found that the treatments gave good results in inhibiting microbes from developing and in chemical innocuousness for varnishes.




2. Materials and Methods


2.1. Varnishes and Biocides


The standard colophony obtained by distillation from pine resin was supplied by RCM (Madrid, Spain). The varnish was prepared in the proportion of 100 g of resin per 175 mL of purified turpentine essence, supplied by Titan (Barcelona, Spain). Sandarac of Tetraclinis articulata and Manila Copal of Agathis dammara were supplied by Caremi Pigmentos (Seville, Spain). These varnishes were prepared in the proportion of 100 g of resin per 200 mL of absolute ethanol (Merck, Barcelona, Spain).



The biocides selected for the study were benzalkonium chloride (alkyl dimethyl benzyl ammonium chloride; CTS, Madrid, Spain), sodium-2-phenylphenolate, a solid alkaline formulation of o-phenylphenol (Preventol® ON Extra, Kremer Pigmente, Aichstetten, Germany), and tributyltin naphthenate (tributyl-mono (naphthenoyloxy) stannane; Metatin N 5810/10, Acima Chemical Industries, Buchs, Switzerland). They all are widely used in restoration and are representative of significant chemical groups of substances used in this field [14,19,21].




2.2. Microorganisms


The microorganisms listed here were selected on the basis of their capacity for growing and causing chemical changes in resins, as reported in earlier works [30,31,32,33].



	
Colophony: Chrysonilia sitophila and Bacillus amyloliquefaciens



	
Sandarac: Chrysonilia sitophila, Penicillium chrysogenum, and Streptomyces celluloflavus



	
Manila copal: Chrysonilia sitophila, Phoma herbarum, and Arthrobacter oxydans






The fungus Penicillium chrysogenum (Pc) (CECT-2306), and the bacteria Streptomyces celluloflavus (Sc) (CECT-3242), Bacillus amyloliquefaciens (Ba) (CECT-493), and Arthrobacter oxydans (Ao) (CECT-386) came from stock collections belonging to the Spanish Type Culture Collection (CECT, Colección Española de Cultivos Tipo, Universidad de Valencia, Spain). The fungi Chrysonilia sitophila (Cs) and Phoma herbarum (Ph) were isolated from the surface of the oil on the canvas paintings of the Fine Arts Museum of Granada (Spain) entitled Allegory of Death (by P. Toma) and St. Francis of Assisi (anonymous), both from the 17th century and are severely affected by biodeterioration processes (Figure 1). Samples were taken from the painting using a noninvasive sampling procedure [36] of rubbing a dry sterile cotton bud, suitable for isolations in culture media (Class IIa) (Eurotubo, Deltalab, Barcelona, Spain), on the surface of the painting over an area of 2 cm2. Cultivation assays were performed immediately on these samples. The cotton swabs were inoculated directly onto Sabouraud-chloramphenicol Agar plates (Scharlab, Barcelona, Spain), which were incubated at 28 °C for two weeks. During this period, colonies exhibiting a different morphology and appearance were btransferred to PDA culture plates (Scharlab, Barcelona, Spain) to obtain pure strains. All purified strains were stored in 70% glycerol at −80 °C for conservation.



In order to obtain fungal spores, lyophilized collection stocks were hydrated in CM broth (Oxoid, Hampshire, UK) and incubated for one week (28 °C, 75% RH). Afterwards, cultures were spread on a solid malt agar medium (Oxoid, Hampshire, UK) and incubated for 15 days. Sporulated cultures were resuspended in 2 mL of Tween 80 at 0.1% (Aldrich, Madrid, Spain). After centrifugation, pellets were washed and resuspended in 2 mL of distilled water. The suspensions were then filtered through glass wool to eliminate any remains of mycelium. After a count in a Neubauer chamber, the concentration was adjusted to 106 spore mL−1.



As for bacteria, the lyophilized strains collected were rehydrated in a TSB medium (Oxoid, Hampshire, UK), and seeded after 48 h of incubation in TSA medium (Oxoid, Hampshire, UK). Using these cultures, inocula were prepared in a TSB medium and kept incubated for 24 h. Afterwards, they were centrifuged and washed with distilled water to eliminate any remains of the culture medium, and resuspended in distilled water. Using the growth curve, the inocula were adjusted to 107–108 cells mL−1.




2.3. Sample Preparation


In order to prepare varnish samples with biocide incorporated, solutions in ethanol (Sigma-Aldrich, Spain) at 10% (w/v) of o-phenylphenol and at 10% (v/v) of tributyltin naphthenate and benzalkonium chloride were mixed with the varnishes at a concentration of 3% (v/v). To help prepare the mixtures, a small amount (0.1% v/v) of the nonionic surfactant Tween 80 (Sigma-Aldrich, Spain) was also added in the case of colophony. These varnishes with biocide were brush-applied to the surface of standard-sized glass slides (24 × 80 mm) and were allowed to dry in the dark for 90 days. It was not possible to obtain a homogeneous, perfectly transparent mixture of o-phenylphenol with the sandarac and Manila copal varnishes, so those samples were not used for this study.



Solutions of the biocides were also prepared at 3% v/v (tributyltin naphthenate and benzalkonium chloride) and at 3% w/v (o-phenylphenol) in distilled water, which were applied by brush onto the surface of samples, namely standard-sized glass slides (24 × 80 mm) varnished with the resins under study, which were allowed to dry in the dark for 90 days before applying the biocides on them.



In summary, two variants of samples were prepared: samples with biocide (3%) dried in darkness for 90 days, and samples of varnish dried in darkness for 90 days before having a biocide applied to them (3%). Similarly, control samples of the varnishes without biocide were also prepared to follow the progress of microorganisms and possible chemical changes with no biocidal treatment.



The Manila copal and sandarac samples treated with o-phenylphenol and the sandarac ones treated with tributyltin naphthenate (spread on) were discarded for this study because an increase in the opacity of the varnish was observed when they interacted with these products, which is incompatible with their use in artworks (Table 1).



In summary, five groups of test specimens were prepared so as to compare the possible chemical changes produced by the microorganisms in the varnishes studied in samples treated and not treated with biocides: type 1, varnish only (blank samples); type 2, varnish treated with biocides but not inoculated with microorganisms; type 3, varnish not treated with biocides but inoculated with microorganisms; type 4, varnish treated with biocides (mixed) and inoculated with microorganisms; type 5, varnish treated with biocides (spread) and inoculated with microorganisms.




2.4. Monitoring Growth


Each type of fungus and bacteria were inoculated separately in samples with several drops (75 μL) of spore or bacterial suspensions respectively (107–108 cells mL−1), as described in Section 2.2. Previous experiments helped us to establish the optimal conditions for incubating the model varnish specimens. The specimens were incubated for 30 days in darkness at 28 °C and 90% RH, water activity (aw) = 0.85.



The fungal cultures were monitored by microscope to study the production of mycelium from the initial suspension of spores in distilled water both in the presence and absence of biocides. All of the samples were observed after a time of 0 h, 24 h, 48 h, and five, ten, fifteen, and thirty days using a Nikon Eclipse TS100 microscope equipped with a Nikon DS-5M digital camera.




2.5. Gas Chromatography–Mass Spectrometry (GC-MS)


The GC-MS technique was used to evaluate the chemical changes caused by the proposed treatments and the microorganisms under study. A sterile scalpel was used to scrape the samples from the glass slides, providing about 5 mg per sample. These were dissolved in 25 µL of benzene in test tubes, into which 500 μL of chloroform was added for 5 min to extract the organic components. Once filtered, the supernatants were subjected to a vacuum to evaporate the solvent in 2 mL vials, then the dry residue obtained was processed by adding 30 μL of benzene and 30 μL of (m-trifluoro-methylphenyl) trimethylammonium hydroxide (Meth-Prep II, Alltech, Stamford, UK) to each vial. The reaction mixture was shaken for 4 min at room temperature, and 2 µL of the sample solution was injected into an Agilent 7890A gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) with a Combi-xt PAL sample injector, coupled to a Waters mass spectrometer, Quattro micro GC (Waters, Milford, MA, USA).



Chromatographic separations were achieved in a capillary column (WCOT; wall coating open tubular) ZB-5MS, 30 m × 0.25 mm I.D. with 0.25 μm film thickness. The chromatographic conditions for the GC-MS analysis were as follows: injector temperature = 250 °C, transfer line temperature = 250 °C, oven temperature = 140 °C (2 min.), 4 °C/min to 300 °C then isothermal for 5 min. The carrier gas was helium at a flow-rate of 1 mL/s. The samples were injected in splitless mode. Mass spectra were performed in total ion monitoring mode (mass range 50–550 m/z), and ions were generated by electron impact ionization (70 ev). The source temperature was 210 °C. A Masslynx v.4.0 data system was used for data acquisition and processing, and the peak area (TIC) data were used to obtain the peak area percentage value.



Calculations were based on values of the normalized peak area Ni, defined as the percentage of peak area of each individual compound relative to the set of peak areas of the n components found in the model varnish:


  N i =     A i     ∑   i = 1  n  A i     100  








where Ai is the peak area of each of the n compounds found in the chromatogram. Control samples inoculated with distilled water and incubated under the same conditions as those of the samples inoculated with microorganisms were also analyzed to evaluate the composition of the varnishes studied in the absence of microorganisms. The changes in composition were determined by establishing a ΔNi parameter, defined as the increase or decrease in Ni for each analyte in relation to the values corresponding to the control sample Nio.


ΔNi = Ni − Nio











Three replicates were used for each sample. The repeatability found under the experimental conditions and the relative standard deviations, calculated using the formula RSD = (standard deviation/mean of the normalized peak area) × 100%, fell within the range 1–5% for all the compounds analyzed. A Student’s t-test was used for a comparison of the differences between mean values of inoculated and noninoculated blank samples. Only the values with a p < 0.05 were considered statistically significant.




2.6. MDS Analysis


In order to evaluate the analytical data obtained by GC-MS, an MDS (multidimensional scaling) statistical analysis was carried out. Each sample included in the study can be represented by a point in a multidimensional space in which the n dimensions in the space are the Ni values of each of the n components of the varnish. The analogous chemical composition samples will be found near this multidimensional space, whereas those with a different chemical composition will be further away. Since it is not possible to visualize spaces of more than three dimensions, it is common to resort to techniques to decrease the scale and project the n dimensions of a multidimensional space onto a bidimensional space by means of an MDS analysis, which enables the chemical changes produced by the microorganisms and treatments tested to be represented in a simplified diagram. In this study, the MDS analysis was carried out using the ASCAL command from the IBM SPSS Statistics® 26.0 software for 64 bits. For each varnish, a matrix was constructed of Euclidean distances between the different samples. For each pair of samples i and j, the Euclidean distance dij was calculated according to the equation:


   d  i j   =     (  x i  −  x j  )  2  +   (  y i  −  y j  )  2  +   (  z i  −  z j  )  2  + ⋯    








where the values x, y, z, etc., are the Ni values of each component of the varnish in samples i and j. To improve the quality of the MDS graphs obtained with IBM SPSS Statistics, the resulting data from the analysis were processed with a Microsoft Excel 2013 spreadsheet.





3. Results and Discussion


3.1. Monitoring Growth


In the control samples not treated with biocides (type 3), the samples inoculated with C. sitophila in the three varnishes studied, the sandarac samples inoculated with P. chrysogenum and the Manila copal samples inoculated with P. herbarum, fungal growth was observed with mycelium developing from the spore suspensions after the incubation period. The growth observed appeared mainly in the first five days of incubation in all cases, which agrees with previous studies [30,33]. In the varnishes treated with surface biocides, only very little growth was observed in the colophony samples inoculated with C. sitophila (Figure 2), and in the samples prepared with biocide incorporated, there was no growth observed in any case.




3.2. Colophony


The results from the GC-MS analysis are shown in Table 2. They include data from the blank samples (type 1); the samples not treated with biocides but inoculated with microorganisms (type 3) and the samples treated with biocides (types 4 and 5): fungal samples with growth and the samples inoculated with bacteria. The biocide treatments did not lead to any significant change in the original composition of the varnish. The GC-MS results for the type 2 samples were very similar to those obtained in the blank sample (type 1), so they have not been included in the table. The data from fungal samples in which no growth was recorded were also left out to simplify the study, since the data are very similar to the data from blank samples.



In the type 3 sample corresponding to B. amyloliquefaciens, a clear decrease was recorded in the case of the relative amount of abietic and dehydroabetic acids compared to the original composition of varnish, and a sharp rise in oxidized diterpenes with respect to the type 1 sample, especially 7-oxo-dehydroabietic and 7 oxo-15-hydroxy-dehydroabietic reported in C. sitophila and B. amyloliquefaciens (example: Colophony-Cs, ΔNi 7-oxo-DHA = +11.4; Colophony-Ba, ΔNi 7-oxo-DHA = +30.7; ΔNi 15-OH-7-oxo-DHA = 13.4). These oxidative changes coincide with the chemical degradation patterns described for this varnish in previously published studies, and they may be related to the biological activity of the microorganisms tested [30,37,38,39,40].



These results differ significantly from those obtained with biocides (Figure 3). There was very little growth of the fungus C. sitophila observed in the type 5 samples (biocide spread), and none at all in those with the biocide incorporated (type 4), where growth was totally inhibited. In chemical terms, the oxidative processes described in the samples not treated with biocides did not occur, nor in the case of the fungus, nor with the bacteria, although with B. amyloliquefaciens there were changes in composition recorded in the samples treated with Metatin N (Colophony tributyltin naphthenate Ba, ΔNi AA = −12.84; ΔNi DHA = + 26.44), suggesting biological activity.



Figure 4 shows the MDS diagram for the colophony samples. It can be seen that the samples without biocide (type 3) inoculated with C. sitophila and B. amyloliquefaciens are far from the nucleus formed by the blank sample and the samples inoculated and also treated with the biocides. This nucleus contains chemical compositions very similar to the blank sample with no inoculation or treatment. In other words, the biocides not only totally or partially prevented microbial growth, but they also ensured that the chemical composition of the varnish did not change substantially.



The exception is the sample inoculated with B. amyloliquefaciens, the microorganism capable of producing the greatest chemical changes in the colophony, treated with the biocide tributyltin naphthenate mixed with the varnish. The biocide was not seen to be sufficiently effective, but nevertheless it managed to make the composition of the varnish somewhat closer to the blank sample than when it is inoculated with this bacteria type without the presence of the biocide. The results show the efficacy of the treatments tested, and they also resemble those obtained in a previous study carried out by our research group [35] that analyzed the changes produced by microorganisms inoculated in colophony resin samples treated on the surface with the biocides New Des (benzalkonium chloride), Biotin N, and Nipagine (methyl parahydroxybenzoate). The analyses by pyrolysis-GC-MS showed the efficacy of treatments with Biotin N on the growth of fungi and bacteria, without appreciable changes in the composition of the resins, and a lower effectiveness of the treatment with benzalkonium chloride and Nipagine.




3.3. Sandarac


The analytical results with the sandarac varnish are shown in Table 3. As in the case of colophony, the biocides studied did not lead to any significant change in the composition of the original varnish. The results from the GC-MS for the type 2 samples were very similar to those obtained in the blank sample, so they were not included in the table. However, the treatments tested inhibited the growth of the fungi C. sitophila and P. chrysogenum in all such samples studied. To simplify the study, the data for these latter samples are not included, since they are very similar to the data for the blank samples. The main chemical change observed in the sandarac inoculated with microorganisms but with no biocides (type 3) compared to the blank samples was a significant decrease in a hydroxylated derivative of sandaracopimaric acid to produce sandaracopimaric acid (example: Sandarac-Cs, ΔNi OH-sandaracopimaric acid = +12.01; Sandarac-Pc/Sc, ΔNi OH-sandaracopimaric acid= −14,54; Sandarac-Cs, ΔNi OH-sandaracopimaric acid = −13,91). This has already been reported in previous studies [33,41], although this did not generally occur in samples treated with biocides, which may be related to a drop in the microorganisms’ biological activity caused by the proposed methods.



Figure 5 shows the MDS diagram for the samples studied. A nucleus can be seen very near to the blank sample, consisting of the samples inoculated with C. sitophila and treated with biocides. This indicates that there were no substantial chemical changes in the composition of the varnish. The type 3 samples (inoculated with a microorganism but with no biocide), however, appear very much grouped together and far from the control sample; this indicates the efficacy of the treatments tested in inhibiting microbial growth and also in preventing the appearance of chemical changes in the sandarac.




3.4. Manila Copal


Table 4 shows the analytical results for Manila copal. As with the other varnishes studied, the biocide treatments did not lead to any significant change in the composition of the original varnish, so the results for the type 2 samples are not included in the table. The study via microscope indicates that the treatments that were tested inhibited the growth of the fungi C. sitophila and P. herbarum in all such cases (Figure 6). As with the other two varnishes, the data corresponding to these latter samples are not included to simplify the study, since they are very similar to the data from blank samples.



As for the GC-MS analysis, in the samples inoculated with microorganisms but not treated with biocide, changes of little relevance occurred compared to the simple blank, most notably a decrease in the relative amount of agathalic acid, which oxidizes to agathic acid. Other trends seen were the moderate but generalized increase in the small peak for 19-norlabda-8 (20), 13-dien-15-oic acid and a decrease in acetoxy agatholic acid in C. sitophila, which agrees with the results obtained in previous studies [33].



The MDS statistical study (Figure 7) shows the results from all the samples somewhat grouped together to scale, indicating that in general the chemical changes occurring in the samples inoculated with microorganisms were not as clear as in the other varnishes studied. The results in the samples treated with biocides and inoculated with A. oxydans also appear in an area of the graph close to the uninoculated blank samples, indicating that the composition of the Manila copal was not substantially affected by the microorganisms tested and that the biocides therefore play a minor role in terms of the varnish’s chemical composition. However, the treatments tested have shown to be efficient in controlling growth by inhibiting the development of mycelium in the samples inoculated with fungi.




3.5. General Technical Considerations


As regards the biocides’ physical and chemical properties and the possible practical applications of the treatments, the best properties were observed in the varnishes treated with benzalkonium chloride. This biocide enabled stable mixes formulas to be formed with the three varnishes without altering their transparency, which is in keeping with its properties as an emulsifier [21,42]. Another advantage of benzalkonium chloride’s nature as a surfactant is that it tends to be heavily absorbed and also tends to spread easily over the surface where it is applied, forming an antiseptic layer that lends protection for a long time [19,42]. In the case of orthophenylphenol, transparent formulas dispersions were not achieved with the two varnishes of greatest polarity (sandarac and Manila copal), which also occurred with Metatin N spread on sandarac. This varnish, which is soluble in alcohol, gave the most problems in the mixes’ formulas with biocides tested. As for the aesthetic appearance and transparency of the treated varnishes, in general good results were achieved visually, except in the aforementioned cases, although this factor has not been studied in the long term using quantitative colorimetric tests.



The innocuousness of treatments for painting materials (especially for binders and pigments) is an important matter that remains to be studied in future. Perhaps the most tried and tested product on polychrome artworks among those tested is benzalkonium chloride, which is widely used for fresco paintings, whether in an aqueous solution or in mixtures for cleaning poultices such as “AB 57”, commonly used in restoration [21,42]. It can therefore be considered with some confidence for pigments. It is also compatible with metals, which is not the case with Preventol ON. The latter is corrosive to them, thereby restricting its use in artworks with gold or silver [43].



Finally, human and environmental toxicity is another significant issue to take into account. Metatin N is the most toxic biocide tested here, since it contains tin (acute oral LD50 of 1300 mg/kg) [4], which restricts its use in practical applications. Orthophenyl phenol is the least toxic of the three, since the formulations used do not irritate the skin or mucous membranes [44], whereas benzalkonium chloride is found to be somewhere in the middle, not showing special toxicity problems at the proposed concentrations [21].





4. Conclusions


New treatments were proposed to protect works of art against biodeterioration by using varnishes with biocidal activity, and three products were tested: benzalkonium chloride, orthophenyl phenol (Preventol ON), and tributyltin naphthenate (Metatin N) incorporated into the colophony, sandarac, and Manila copal varnishes, and also applied by spreading it onto them. In general, growth of the microorganisms tested was inhibited without causing significant chemical changes to the varnishes.



In the case of colophony resin, the biocidal treatments that were incorporated into the varnish inhibited the growth of the fungus C. sitophila. In the samples with the biocides spread onto the resin, a little fungal growth was observed, indicating less efficiency for treatments applied in this way. The GC-MS analytical results did not show significant changes in resins that were inoculated with C. sitophila and with B. amyloliquefaciens when compared to the uninoculated blank samples, since the increase observed in oxidized forms of the abietane diterpenes without biocides was not seen. However, an exception was seen in the treatment with tributyltin naphthenate mixed with the varnish, which was seen to be less effective against the bacteria.



In the sandarac varnish, the biocides that were tested (benzalkonium chloride and Metatin N incorporated into the varnish, and benzalkonium chloride spread on the varnish) inhibited the growth of the fungi C. sitophila and P. herbarum. The chemical changes observed in the varnish due to the microorganisms studied, including the bacterium S. celluloflavus, did not occur in the presence of biocides.



Lastly, in the Manila copal varnish, the biocides that were tested (benzalkonium chloride and Metatin N incorporated into the varnish and spread on it) inhibited the growth of the fungi C. sitophila and P. herbarum, although the GC-MS analysis did not show conclusive data as regards the efficacy of the treatments chemically.



The results from the study suggest that the addition of biocides to natural varnishes has significant potential as a factor in controlling the biodeterioration of cultural assets, though questions remain such as the permanence of these products on the artwork, the durability of the treatments and their efficacy, and innocuousness for the original materials in the long-term, which can be addressed in future publications.
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Figure 1. Overview of two paintings colonized by fungi, the St. Francis of Assisi (anonymous) (a) and the Allegory of Death (by P. Toma) (b), a detail of the biodeterioration pattern observed on the St. Francis of Assisi painting (c), and a SEM image of C. sitophila (d). 
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Figure 2. C. sitophila in colophony not treated with biocides (a) (400×) and treated with (b) Metatin N (spread, 100×) and (c) Preventol® ON (spread, 400×) after five days of incubation. 
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Figure 3. Chromatograms corresponding to (a) colophony varnish treated with Benzalkonium chloride and inoculated with B. amyloliquefaciens (type 4) and (b) colophony varnish not treated with biocides but inoculated with B. amyloliquefaciens (type 3). Values expressed in Ni. 1: DHA = dehydroabietic acid; 2: 7-OH-dehydroabietic acid; 3: 15-OH-dehydroabietic acid; 4: 7-oxo-dehydroabietic acid; 5: 15-OH-7-oxo-dehydroabietic acid. 
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Figure 4. Multidimensional scaling (MDS) analysis of the colophony samples: blank sample (type 1, red circle); samples inoculated with microorganisms without biocide (type 3, blue diamonds); and samples inoculated with Cs and Ba, and treated with the studied biocides (type 4 (mix), and 5 (sp), green squares). BC = benzalkonium chloride, TBTN = tributyltin naphtenate, and OPP = ortophenyl phenol. Cs = C. sitophila; Ba = B. amyloliquefaciens. 
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Figure 5. MDS analysis of the sandarac samples: blank sample (type 1, red circle); samples inoculated with microorganisms without biocide (type 3, blue diamonds); and samples inoculated with Pc, Cs and Sc, and treated with the studied biocides (type 4 (mix), and 5 (sp), green squares). BC = benzalkonium chloride, TBTN = tributyltin naphtenate, and OPP = ortophenyl phenol. Cs = C. sitophila; Pc = P. chrysogenum; Sc = S. celluloflavus. 
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Figure 6. Microphotography (400×) showing fungal growth of (a) P. chrysogenum (sandarac) and (c) C. sitophila (Manila copal) after 5 days of incubation, images (b) and (d) show samples of sandarac treated with tributyltin naphthenate (mixed) and benzalkonium Chloride (mixed) in which no fungal growth was observed after the incubation period. 
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Figure 7. MDS analysis of Manila copal samples: blank sample (type 1, red circle); samples inoculated with microorganisms without biocide (type 3, blue diamonds); and samples inoculated with Ao and treated with the studied biocides (type 4 (mix), and 5 (sp), green squares). BC = benzalkonium chloride, TBTN = tributyltin naphtenate, and OPP = ortophenyl phenol. Cs = C. sitophila; Ph = P. herbarum; Ao = A. oxydans. 
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Table 1. Samples included in the study.
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Varnish

	
Colophony

	
Sandarac

	
Manila Copal




	
Microorganisms

	
Cs, Ba

	
Cs, Pc, Sc

	
Cs, Ph, Ao






	
Biocides

	
Benzalkonium chloride (mixed, spread)

Metatin N

(mixed, spread)

Preventol ON

(mixed, spread)

	
Benzalkonium chloride (mixed, spread)

Metatin N

(mixed)

	
Benzalkonium chloride (mixed, spread)

Metatin N

(mixed, spread)








Cs = C. sitophila; Pc = P. chrysogenum; Ph = Phoma herbarum; Ao = Arthrobacter oxydans; Ba = B. amyloliquefaciens.
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Table 2. GC-MS analysis (p < 0.05 in all cases) of the diterpenes from the colophony varnish and the samples inoculated with microorganisms (values expressed in Ni).
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	Test
	Sample Type
	DHA
	AA
	7-OH-DHA
	15-OH-DHA
	7-oxo-DHA
	15-OH-7-oxo-DHA





	Colophony
	1
	56.5
	10.3
	3.0
	9.8
	5.8
	1.4



	Colophony-Cs
	3
	51.3
	0.0
	2.8
	8.9
	17.2
	3.3



	Colophony-Ba
	3
	24.4
	0.0
	6.1
	12.2
	36.5
	14.8



	Colophony Benzalkonium chloride (sp) Cs
	5
	57.2
	0.9
	3.1
	6.1
	9.6
	0.0



	Colophony Tributyltin naphthenate (sp) Cs
	5
	58.9
	0.8
	3.3
	5.6
	8.9
	0.0



	Colophony Orthophenyl phenol (sp) Cs
	5
	56.4
	11.4
	1.8
	5.3
	3.0
	0.0



	Colophony Benzalkonyum chloride (sp) Ba
	5
	56.0
	1.6
	2.4
	8.5
	10.1
	0.0



	Colophony Tributyltin naphthenate (sp) Ba
	5
	55.7
	1.0
	3.1
	7.3
	11.7
	0.0



	Colophony Orthophenyl phenol (sp) Ba
	5
	54.5
	2.0
	2.0
	7.8
	7.8
	0.0



	Colophony Benzalkonium chloride Ba
	4
	57.1
	2.4
	1.6
	6.8
	6.1
	0.0



	Colophony Tributyltin naphthenate Ba
	4
	43.7
	36.8
	1.0
	4.5
	0.6
	0.0



	Colophony Orthophenyl phenol Ba
	4
	53.2
	11.5
	1.1
	3.3
	0.6
	0.0







DHA = dehydroabietic acid; AA = abietic acid; 7-oxo-DHA = 7-oxo-dehydroabietic acid; 15-OH-7-oxo-DHA = 15 hydroxy-7-oxo-dehydroabietic acid. Sample type: 1: varnish only (blank samples); type 3: varnish inoculated with microorganisms; types 4 and 5: varnish treated with biocides, mixed (4) and spread (sp), (5) and inoculated with microorganisms. Cs = C. sitophila; Ba = B. amyloliquefaciens.
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Table 3. GC-MS analysis (p < 0.05 in all cases) of the diterpenes in the sandarac varnish and the samples inoculated with microorganisms (values expressed in Ni).
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	Test
	Sample Type
	Manool
	Sandaracopimaric Acid
	Isopimaric Acid
	OH-Sandaracopimaric





	Sandarac
	1
	25.79
	47.34
	8.02
	14.54



	Sandarac-Pc
	3
	28.33
	61.72
	9.95
	0



	Sandarac-Cs
	3
	27.47
	64
	7.9
	0.63



	Sandarac-Sc
	3
	26.29
	65.27
	7.74
	0



	Sandarac-Benzalkonium chloride-Sc
	4
	22.34
	55.96
	8.76
	12.92



	Sandarac-Benzalkonium chloride (sp)-Sc
	5
	24.54
	49.94
	10.41
	15.1



	Sandarac-Tributyltin naphthenate-Sc
	4
	18.43
	54.33
	13.58
	13.65







Sample type: 1: varnish only (blank samples); type 3: varnish inoculated with microorganisms; types 4 and 5: varnish treated with biocides mixed (4) or spread (5) and inoculated with microorganisms. Cs = C. sitophila; Pc = P. chrysogenum; Sc = S. celluloflavus.
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Table 4. GC-MS analysis (p < 0.05 in all cases) of the diterpenes free of Manila copal and the samples inoculated with microorganisms (values expressed in Ni).
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	Test
	Sample Type
	19-Norlabda-8 (20), 13-Dien-15-oic Acid
	Agathalic Acid
	Agathic Acid
	Acetoxy Agatholic Acid





	Manila copal
	1
	3.24
	7.35
	41.66
	23.28



	Copal-Cs
	3
	3.92
	3.19
	46.07
	17.03



	Copal-Ph
	3
	3.92
	1.93
	39.07
	19.81



	Copal-Ao
	3
	2.88
	3.58
	48.14
	22.27



	Copal Benzalkonium Chloride Ao
	4
	3.31
	1.05
	46.18
	28.06



	Copal Benzalkonium Chloride (sp) Ao
	5
	2.16
	0.33
	45.82
	34.13



	Copal Tributyltin naphthenate Ao
	4
	1.30
	0.49
	40.59
	33.85



	Copal Tributyltin naphthenate (sp) Ao
	5
	2.40
	0.00
	50.28
	26.00







Sample type: 1: varnish only (blank samples); type 3: varnish inoculated with microorganisms; types 4 and 5: varnish treated with benzalkonium chloride and tributyltin naphthenate mixed (4) or spread (5) and inoculated with microorganisms. Cs = C. sitophila; Ph = P. herbarum; Ao = A. oxydans.
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