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Abstract

:

The first academic studies on the use of microorganisms in cleaning procedures appeared in the late 1980s/early 1990s. In the past thirty years, most of such studies have addressed the removal of nitrate and sulphate salts and organic matter from surfaces by using non-pathogenic anaerobic microorganisms, mainly sulphate-reducing bacteria. The successful use of microbes in the removal of graffiti paint remains, however, a work in progress. Biocleaning surfaces to remove graffiti is not a simple task, because of the complex chemical composition of graffiti paints. This study looks at ways of improving the bioremoval of graffiti and presents the latest findings regarding different methodological aspects of cleaning natural and man-made stone. Granite and concrete substrates were coated with silver and black graffiti spray paints for comparison of the efficacy of the biocleaning method on these different materials. Visual and microscopic examination along with colour and infrared measurements made after application of the bacterial strains tested (previously shown to be suitable candidates for bioremoval of graffiti) revealed remarkably successful results. The findings presented thus represent progress in the development of a biocleaning protocol applicable to the in-situ removal of graffiti. Important improvements have been made regarding the time of treatment, which has been reduced by up to 20 days, and the use of a culture medium enriched with powdered graffiti, which facilitates and accelerates the adaptation of the microorganisms to the target surface.
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1. Introduction


Stone structures undergo deterioration due to various factors such as biological colonization, air pollution, weathering caused by deleterious treatment or lighting, and the presence of undesirable graffiti. Graffiti can be found on all types of surfaces, including façades, walls, urban furniture, and subways. Graffiti can, therefore, affect various types of material, such as glass, metal, and stone, although walls are the structures most commonly (42.7%) affected [1]. Graffiti cause disfigurement of the urban fabric and also generate a certain degree of pollution due to the associated emissions, chiefly based on volatile organic compounds. Many affected sites are considered deteriorated and thus lose some of their economic value. In the preservation of public spaces and historic buildings, graffiti removal (i.e., removal of aerosol spray paint, the most commonly used staining agent) requires a huge financial outlay by local governments and agencies; e.g., in 2008, the cost of removing graffiti from buildings in the city of Santiago de Compostela (Spain) amounted to more than €150,000 [2].



Against this background, some regional, national and European projects have recently been developed to develop anti-graffiti coatings and methods of graffiti removal. The GRAFFITAGE project (2005–2008) aimed to develop new anti-graffiti coating systems (based on filmogen latex and hydrophobized polycations) in order to prevent damage to historical buildings [3]. The EFFACEUR project (2011–2012) was developed by a consortium of small and medium sized businesses with the objective of developing, scaling and transferring the new anti-graffiti project to the market [4]. The BioRemoGraf project (2013–2015) was a pioneering study aimed at developing a biological method based on the use of microorganisms to remove graffiti from construction materials while leaving the substrate undamaged, as none of the currently available cleaning methods (chemical, mechanical and/or laser) are capable of removing graffiti without also affecting the underlying substrate in some way [5,6]. Similarly, the SICH PRIN project (2010–2011) included a line of research involving the bioremoval of graffiti by new and eco-sustainable methods based on enzymatic cleaning with lipase [7].



The removal of graffiti by using microorganisms (i.e., bacteria and fungi) is very difficult because of the variable composition of graffiti paint and the interactions between the paint and the underlying substrate. Graffiti paint comprises various different types of pigments, binders, solvents, additives and other minor components. Thus, the pigments can be inorganic or organic, and binders can be natural (derived from plants or animals), synthetic (mostly resins such as alkyds, acrylics, and polyvinyl acetates,) or semi-synthetic polymers (e.g., nitrocellulose). Hydrocarbon solvents, oxygenated solvents and water are commonly used. Graffiti paints also include small quantities of many different additives such as plasticizers, dispersants, pH buffers and biocides. Furthermore, the strains of microorganisms used in the cleaning procedure must demonstrate a high level of tolerance to graffiti and must have a deteriorating impact on the paint, preferably under aerobic conditions. These requirements are difficult to meet, as most microorganisms found on paint films are actually aerial contaminants that are not involved in the degradation process [8].



Despite the above-mentioned difficulties, four studies have obtained successful results regarding the bioremoval of graffiti. Giacomucci et al. [9] tested the ability of Desulfovibrio desulfuricans ATCC 13,541 to degrade nitrocellulose-based binder and red graffiti spray paint applied to glass slides incubated for 49 days under anaerobic conditions. Sanmartín et al. [10] reported the successful isolation of environmental microorganisms and the capacity of these to degrade black graffiti spray paint (containing alkyd and polyester resin binders) applied to glass slides incubated for 25 days under aerobic conditions. Nine bacterial strains belonging to the genera Arthrobacter, Bacillus, Gordonia, Microbacterium, Pantoea and Pseudomonas and one fungal strain belonging to the genus Alternaria have also shown to be effective biocleaning agents [10]. In a later study, Sanmartín et al. [11] evaluated the capacity of eight species of aerobic, mesophilic and culturable bacteria, obtained from the American Type Culture Collection (ATCC) and the German Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ) collections of microorganisms, to remove graffiti from substrates. Among these species, Aerobacter aerogenes ATCC 13048, a mixture of Pseudomonas picketti and an unidentified Bacillus species ATCC 53922, and Comamonas sp. ATCC 700,440 demonstrated high levels of tolerance to the presence of the graffiti paint and some ability to degrade the surface of painted test pieces. Finally, Germinario et al. [7] developed a method based on the catalytic activity of lipases for the removal of marker pen inks (also used by graffiti artists).



Despite the promising results, further laboratory-based biocleaning assays are needed to develop a standardised protocol of action. Thus, culture conditions such as the medium composition, temperature and pH, must be taken into consideration in order to optimize the growth of the microorganisms and reduce the time required to carry out the process. A practically feasible method of applying the treatment to stone material is also required.



In the present study, some of these methodological advances have been addressed in relation to the biocleaning of natural and man-made stone materials to remove graffiti. Three species of bacteria (Pseudomonas stutzeri 5190, Aerobacter aerogenes 13048, and Comamonas sp. 700440), previously identified as good candidates for bioremediation purposes [11,12], were grown with (and thus adapted to) powdered graffiti and applied to granite and concrete substrates coated with silver and black graffiti spray paints to test the degradative capacity of the bacteria. Different methods of applying the treatments were tested by evaluating two different carriers (cotton and 2% agar) and two application solutions (M9 mineral medium and water) towards the development of a practically feasible method of in situ graffiti removal.




2. Materials and Methods


2.1. Bacterial Selection, Media and Culture Protocols for the Adaptation of the Microorganisms


Three aerobic bacteria were selected in order to test new methodological aspects of the bioremoval of graffiti: Pseudomonas stutzeri 5190 (DSMZ, Braunschweig, Germany) [12], Aerobacter aerogenes 13,048 (ATCC, Manassas, VI, USA) [11] and Comamonas sp. 700,440 (ATCC, USA) [11]. The use of aerobic microbes represents a great advantage compared to the use of anaerobic bacteria, which usually require rather more restrictive conditions.



The selected bacteria were grown in the laboratory on Nutrient Agar (NA, a general medium containing 0.5% peptone, 0.3% yeast extract, 0.5% sodium chloride, and 1.5% agar, in distilled water) at 28 °C for 24 h. One colony of each strain was then grown in a 10 mL tube containing Nutrient Broth culture medium (NB, a general liquid medium identical to the above medium, but without agar) at 28 °C. For each bacterial suspension, the number of colony forming units (CFUs) was determined by serial dilution, and the bacterial biomass was homogenized to 1.0 × 109 CFU/mL (Figure 1).



The ability of the selected bacterial cultures to degrade graffiti was tested in the laboratory. A specific selective medium based on an M9 mineral medium (M9 broth (75.2g/L Na2HPO4–2H2O, 30g/L KH2PO4, 5g/L NaCl, 5g/L NH4Cl) + MgSO4 (1M) + CaCl2 (1M)) was supplemented with powdered graffiti (black or silver) as a selective agent (Figure 2).



In order to optimize the selected bacterial growth, two protocols were tested (Figure 1). Previous findings regarding biocleaning were taken into account in developing both protocols. Some authors have tested protocols based on the use of general culture media supplemented with the substance to be cleaned. For example, Ranalli et al. [13] used Plate Count Agar supplemented with animal glue for the bioremoval of animal glue from wall paintings. By contrast, other authors used mineral media supplemented with the substance to be cleaned. For example, Bosch-Roig et al. and Ranalli et al. used M9 mineral medium supplemented with animal glue to clean glue deposits [14,15] and nitrate broth to clean nitrate salts [16]. Studies specifically involving the bioremoval of graffiti used both culture media strategies: Mineral salt solution and Trypticase Soy Broth (TSB) [10,11]. On the basis of the findings of these studies, we tested two growth protocols: One with a mineral salt solution (M9) supplemented with powdered graffiti (Protocol 1) and another with a general culture medium (Nutrient Broth) supplemented with powdered graffiti (Protocol 2). The approach used in protocol 1 was of particular interest because it assumes that bacteria can be grown with only powdered graffiti (Figure 2) as a source of carbon.



Protocol 1:1 mL of each bacterial suspension was added to an M9 mineral medium broth enriched with 0.1g/100mL powdered graffiti (black and silver separately) and incubated at 28 °C for 20 days.



Protocol 2:1 mL of each bacterial suspension was added to 10% Nutrient Broth (NB) enriched with 0.1g/100mL powdered graffiti (black and silver separately) and incubated at 28 °C for three days. Then, 1 mL of the growing culture was then added to an M9 mineral medium broth enriched with 0.1g/100mL powdered graffiti (black and silver separately) and incubated at 28 °C for 20 days. This is a two-step protocol requiring a growth period of 23 days.



For each protocol and each colour of graffiti paint, control set-ups without bacteria were included in the experiments. Powdered graffiti was prepared as described in Section 2.2. Bacterial growth was evaluated by serial dilution of the suspensions every three days during the experimental period. The pH of the culture medium was 8.




2.2. Preparation of Powdered Graffiti and Painted Natural and Man-Made Stone Specimens


A black, non-metallic spray paint (R-9011 from Montana Colors, Barcelona, Spain) and a silver, metallic spray paint (Silver Chrome from Montana Colors), both previously used in studies of laser removal of graffiti from granite [17,18], were selected for this study. Alkyd and polyester resins or varnishes appear in the black paint and polyethylene-type polymers with particles of aluminium and, to a lesser extent iron, appear in the silver paint [17,18].



Powdered graffiti was prepared for the experiments by scratching thick layers of dried, hardened (after 48 h) graffiti from a non-stick plastic surface (Figure 2a) and then homogenizing the paint thus removed with a hand-held blender (Figure 2b). This protocol was performed separately with each selected colour of graffiti paint. The powdered graffiti was sterilized using formaldehyde 37% v/v vapour, following the protocol described in Sanmartín et al. [10].



A slightly weathered granite and a man-made concrete were selected as support for the graffiti paints (Figure 3). Silvestre granite, quarried in the surroundings of Vigo (Pontevedra, Spain), is of great commercial value in the area because it is currently one of the granites mostly commonly used in civil and heritage buildings. It is two-mica adamellitic granite, of equigranular panallotriomorphic texture, and is white medium-grained with some ochre spots owing to biotite weathering. The modal composition comprises quartz (29%), feldspar-K (26%), plagioclases (24%), biotite (8%), moscovite (8%) and chlorite (3.5%) as the main minerals [19].



Cement paste was prepared specifically for this study by a local construction company (Breixo S.L. Obras e Servicios, Santiago de Compostela, Spain), in accordance with EN 197-1 [20]. The paste was thus made using a proportion of 1 volume cement to 4 volumes of sand (i.e., 364 kg/m3 cement: 1450 kg/m3, sand: 240 kg/m3 water). The cement and sand were analysed by X-ray diffraction (XRD) (Figure 4). Portland cement (PC) clinker was used to produce the concrete (Figure 4a), as indicated by the presence of alite (calcium silicate) as the major mineral phase (43%), together with the presence in excess of calcite (27%) relative to the presence of quartz (7%), i.e., CaCO3/SiO2 >1, a necessary condition for alite (preferred clinker phase). The diffractogram also includes another of the four phases of the Portland cement clinker, brownmillerite or ferrite (5%), a dark brown calcium aluminoferrite that acts as a diluent in the cement, as well as free mica minerals, muscovite (10%), which significantly affect the plasticity index, compacted density and strength of the cement. Together with the clinker, the ground gypsum (8%) is the second component of PC (Figure 4a).



Natural, locally available granite-based sand was also used to produce the concrete (Figure 4b). The minerals detected in the analysis are specific to granitic rocks: Quartz (38%), sodium plagioclase, albite (19%), potassium feldspar, microcline (16%), and white mica muscovite (16%). Clay minerals indicative of mineral alteration, such as chamosite (7%) and antigorite (4%) also appeared in high proportions, suggesting the presence of a weathered granitic material with mechanical properties intermediate between soil and sound rock.



The specimens of granite and concrete used in this study exhibited an open porosity of approximately 3% and 20%, respectively. Porosity was determined by vacuum water absorption of samples in accordance with UNE-EN 1936 [21].



Specimens of granite and concrete (4 × 4 × 1.5 cm3) with bush hammered finish were coated with layers of each selected colour of graffiti spray paint following the method described by Sanmartín and Cappitelli [2] (Figure 3). Once painted and dried, the specimens were sterilized following the protocol described by Sanmartín et al. [10]. NA contact agar plates were incubated at 28 °C for 48 h to check the correct sterilization of the specimens, as confirmed by the absence of colony forming units.




2.3. Biocleaning Assays with the Adapted Microorganisms


The following methodological aspects were tested in the present study: Two carriers (cotton and 2% agar powder, Scharlab, Barcelona, Spain); two application solutions (M9 mineral medium and water); and three bacteria (Pseudomonas stutzeri 5190, Aerobacter aerogenes 13048, and Comamonas sp. 700440.



Previous studies concerning the bioremoval of graffiti have been carried out using immersion strategies [9,10]. As this protocol does not allow on site application, we tested the use of carriers to apply the bacteria. According to previously reported findings [22,23], we tested cotton and warm agar as carriers.



The bacteria were first adapted to (grown with) the powdered graffiti before their capacity to degrade the powder was tested. The degradative capacity of the bacteria adapted to (grown on) the painted specimens of concrete and granite was also tested.



A uniform layer of the selected adapted bacterial suspensions was applied with a sterile brush to the granite and concrete specimens previously coated with silver and black graffiti spray paint. The bacterial suspensions were prepared as follows: 100mL of the bacterial suspensions grown for 20 and 23 days with powdered graffiti (protocols 1 and 2, respectively. Section 2.1) were centrifuged (4200 rpm for 10min); the pellet was resuspended in 5mL of M9 medium or in 5ml of sterile water. The final cell concentration was about 108 CFU/mL. One ml of the cell suspension was applied to each stone specimen with the aid of a micropipette and sterile brush. A piece (4 × 4 cm2) of humidified cotton or 6 mL of warm agar was immediately added (the tape was applied around the specimens to prevent spillage of agar drops, see Figure 5). All of the samples were then placed on a plastic tray and covered with plastic film to prevent the suspensions drying out. The treatments were applied inside a Laminar flow hood in order to minimise ambient contamination. For each experiment, controls were prepared by adding water (instead of bacterial suspension) to the surface of the specimens and delivery system. Each treatment was carried out in triplicate.



The treated and control specimens were held for 20 days at room temperature. The carriers were then removed, and the painted surfaces of the specimens were cleaned with sterile water and a sterile brush. The specimens were then allowed to dry to ensure that no live microorganisms remained on the treated surface. The absence of microorganisms on the treated surfaces was confirmed using NA contact plates, as before.




2.4. Evaluation of Bacterial Degradation of Powdered Graffiti and Painted Specimens


CFU counting, visual and optical microscopy analysis and measurements of colour and Fourier transform infrared spectroscopy (FTIR) were used to evaluate the presence of the selected bacteria in the samples and the potential degradation of graffiti with (1) powdered graffiti and (2) painted test specimens.



The number of CFUs was calculated to evaluate bacterial growth during the experimental period. Thus, every three days 1 mL of each bacterial suspension was serially diluted and plated on nutrient agar, which was incubated for 24 h at 28 °C. After the treatments, the bacterial viability was determined by contact plates containing Nutrient Agar. The contact plates were placed on each specimen and then incubated at 28 °C for 24 h.



The samples (powered graffiti and stone specimens) were periodically evaluated by visual inspection and macroscopic photography (Nikon D90 camera with Nikon DX SWM VR Aspherical objective, Nikon Group, Tokyo, Japan).



The samples were examined by optical microscopy (NIKON 283,008 with a digital camera, Nikon Group, Tokyo, Japan) by placing the specimens directly on the microscope stage.



Colour measurements were made with a portable chroma meter (CR-300, Konica Minolta, C Minolta, Osaka, Japan) with a 8 mm-diameter viewing area in the measuring head. Previously described methods, from which we know the minimum number of measurements required, were used for the powered graffiti [24] and the painted stone specimens [2]. The measuring conditions were as follows: (1) Diffuse illumination geometry with the specular component included in 0° (d/0°) relative to normal, (2) illuminant D65, and (3) observer 2°. Colour measurements were analysed by considering the CIELAB colour system [25], which represents each colour by means of three scalar parameters or the Cartesian coordinates: L*, lightness or luminosity of colour, which varies from 0 (absolute black) to 100 (absolute white); a*, associated with changes in redness-greenness (positive a* is red and negative a* is green); and b*, associated with changes in yellowness-blueness (positive b* is yellow and negative b* is blue). The partial (ΔL*, Δa* and Δb*) and the total (ΔE*ab = (ΔL*2 + Δa*2 + Δb*2)1/2) colour differences between the treated (control non-inoculated and inoculated with the three bacteria) and untreated powdered graffiti power and painted specimens (silver and black) were calculated.



According to the applied colorimetry criteria, a colour difference that reaches from between 0.73 and 1 CIELAB units is an approximate threshold, or just a perceptible colour difference [26,27], while a colour difference of around 1.75 CIELAB units is defined as the ‘supra-threshold’ [28]. Above 3.0 CIELAB units, colour differences are considered ‘widely perceptible’ to any observer with normal vision [26,27] and colour differences between 5.0 and 6.0 CIELAB units are considered ‘large colour differences’ [29].



Chemical changes due to the presence of bacteria on the graffiti paint and degradation of graffiti paint induced by the bacteria were evaluated by infrared Fourier transform (FTIR) transmittance spectroscopy. The spectra were obtained using a spectrophotometer (VARIAN FTIR 670, Palo Alto, CA, USA), in the spectral range of the medium (400–4000 cm−1) and a resolution of 4 cm−1. In the powdered graffiti samples, 0.01 g of powdered paint was dispersed in 0.19 g of KBr, with the aid of an agate mortar and pestle, to form a translucent pellet, which was analysed by IR. For the stone specimens, a platinum-ATR-sampling module (equipped with diamond crystal, edged in tungsten carbide, and mounted on a stainless-steel plate) was used. The data were processed with OPUS software (Version 3.x, Cooperative Library Network of Berlin-Brandenburg (KOBV), Berlin, Germany) by constructing the spectra, locating the peaks and comparing them with the spectra in our own and published reference databases.





3. Results


3.1. Powdered Graffiti


In both protocols tested, the bacteria grew successfully with powdered graffiti for 20 and 23 days. There were no significant differences between the protocols in terms of the number of bacteria obtained (CFU/mL). Therefore, growth protocol 1 should be selected for future experiments because it is faster (3 days less) and easier (only one culture media step) and also ensures that bacteria use graffiti components as a carbon source.



Examination of the specimens by the visual and optical microscopy revealed the formation of biofilm around the particles of powdered graffiti (Figure 6), indicating that the bacteria were trying to degrade the graffiti.



The colour variations in the powdered graffiti (Table 1) showed widely perceptible total colour changes (ΔE*ab), of more than 3 CIELAB units (see Section 2.4.), with all bacterial treatments, except for black paint treated with Comamonas sp. 700440. The species Pseudomonas stutzeri 5190 and Aerobacter aerogenes 13,048 produced the greatest variations in colour, with both silver and black paint.



The FTIR-spectra of the powdered graffiti samples treated using protocol 1 (Figure 7 and Figure 8) revealed the presence of the bacteria tested (marked in red in the figures) and their components: Water, lipid, protein, and carbohydrate. This was especially marked in silver spray paint, in which in addition to the band corresponding to the O–H stretching vibration from water at 3500–3000 cm−1 appeared, peaks appeared at 3010 cm−1, corresponding to lipids and fatty acids [30], at 1620 cm−1 corresponding to the beta-sheet, secondary structure in proteins [31], and at 1040 cm−1, corresponding to polysaccharides [32]. By contrast, major damage due to biodeterioration (marked in blue in the figures) appeared to occur in the black paint, although the FTIR-spectra revealed that Pseudomonas stutzeri 5190, Aerobacter aerogenes 13,048 and Comamonas sp. 700,440 were able to induce chemical changes in both graffiti paints, as observed in the FTIR-spectra in the form of decreasing intensity of the peaks of the bands of alkanes at 2920 and 2850 cm−1 and carbonyl group at 1716 cm−1 [17], carbon-carbon triple bond at 2249 cm−1 and esters of fatty acids at 1250 cm−1 [33]. Furthermore, Aerobacter aerogenes 13048, which caused the greatest changes in the colour of the black graffiti paint, seems to have induced the greatest chemical changes, although the differences were slightly relative to those caused by the other two bacteria.




3.2. Graffiti Coated Stone and Concrete Specimens


Tests showed agar to be the most suitable carrier. While the agar remained humid throughout the experimental period (20 days), water had to be added to the cotton approximately every five days. The cotton was also more readily contaminated by ambient fungi than the agar. The agar was easily removed at the end of the treatment, while cotton threads remained stuck on the painted specimens. Carrier removal was controlled by optical microscopy as described by Bosch-Roig et al. [23].



Regarding the application solution, there were no differences in the biocleaning efficiency in relation to the use of M9 mineral media or sterile water.



In some samples, visual examination revealed colour changes in the layer of silver graffiti and small holes in the layer of black graffiti (Figure 9).



Analysis of the bacterial viability after the treatments revealed bacterial growth in all contact plates sampled, indicating that the application protocol enabled the bacteria to survive during the 20 days duration of the treatment.



The results of the colorimetric analysis (Table 2 and Table 3), considering ΔE*ab, indicated that the colour differences produced by the bacteria in black graffiti (on granite and concrete) were just perceptible [26,27], while in the silver graffiti the colour changes were greater. In the concrete specimens covered by silver paint, ΔE*ab values of between 4 and 6 CIELAB units were obtained, with ΔL* sometimes being negative and sometimes positive, indicating that the specimens darkened and lightened indistinctly. For granite and silver paint, differences of up to 15 CIELAB units were observed in some cases, with ΔL* always being negative, indicating darkening due to bacteria. These colour changes apparently occurred independently of whether the specimens were inoculated with bacteria or not.



The FTIR spectra obtained 20 days after the application of the biocleaning treatment showed very similar bands (indicating deterioration) to those obtained for the powdered graffiti (Figure 7 and Figure 8), and bands indicating the presence of bacteria in some areas of the treated surface.





4. Discussion and Final Remarks


Graffiti removal is a difficult task involving many factors such as the type of substrate (chemical composition, texture, porosity, hardness, etc.), the degree of weathering of both the substrate and the paint and the time between application and removal of the paint. Porous substrates will remain permanently stained after graffiti removal, while plastic, glazed ceramic, metallic and glass substrates are easier to clean. In addition, high-pressure hot water and chemical solvents (traditional techniques) may penetrate the substrate and cause irreversible damage. Laser-based techniques, which are mainly applied to historical buildings and structures, also have some drawbacks, as they can visibly alter the colour of the substrate (e.g., inducing yellowing), remove some grains and produce craters, and also transform, melt and/or fracture the minerals, such as the micas in granite. Biocleaning appears to be less variable than these other treatments and is able to preserve the original patina [34].



Spraying graffiti paint onto granite and concrete, or similar building materials like marble and brick, leads to very strong bonding between the material support and the components of the graffiti paint, thus making removal very difficult. The porosity of the substrate plays an important role in the bonding, and future studies should test different surface finishes, as well as more and less porous building materials, such as metal and lime mortar, to examine the role of the interaction between the paint and the support in the biocleaning process. In the biocleaning procedure, the bacteria should degrade the organic components (binders, etc.), thus releasing the pigments and improving the results of the process. However, the strong bonding between the graffiti and the support make this difficult, as direct contact between the graffiti and the bacteria is required. Different delivery systems could be tested in future studies for a better understanding of the interaction between bacteria and the painted substrate.



Selection of the microorganisms used is an important step in the biocleaning process, and the tolerance and ability of different microbes to grow using the graffiti components as an energy source, and therefore their capacity for specialized enzymatic and physiologic responses, have been investigated [35]. The microorganisms used for bioremediation purposes are usually selected by successive growing trials on culture medium (or minimal medium) enriched with the target substance (e.g., petrol). The concentration of the target substance can be varied, and the adaptation and survival of the microorganisms evaluated [36]. In order to enhance the selection of microorganisms and their suitability for graffiti removal, an enriched liquid medium based on a minimal medium (M9) and powdered graffiti (target substance) was developed for the first time in the present study. This graffiti-based medium could help in the future selection of microorganisms for biocleaning purposes. Other microorganisms could also be evaluated using this medium to enhance the efficiency, specificity and speed of graffiti removal.



The cost of biocleaning is similar to the use of solvent-based chemical methods and even cheaper than new physical cleaning approaches such as laser and ultrasound. Biocleaning also provides other benefits compared to traditional methods: The selectivity of the cleaning process and the subsequent enhanced substrate integrity; the ease of the application of the process, with no need for skilled labour; the absence of toxicity, and therefore respect for environmental and human safety; and the good social/public acceptance due to the safety and sustainability of the technique. Although biocleaning provides a novel approach to graffiti removal, it remains a work in progress. Some of the limitations are still to be resolved include incomplete/partial cleaning of the graffiti, the relatively long treatment times, low efficiency of bioremoval of graffiti from man-made and stone materials, variable results with different types of substrate and colours of graffiti paint.



In this study, biocleaning assays were carried out to examine the specific applicability for each substrate–cleaner interaction, in order to propose some improvements towards developing a suitable biological protocol of action for walls and building surfaces. In this respect, the main results obtained can be summarized as follows:

	
Pseudomonas stutzeri DSMZ 5190 was shown, for the first time, to be able to grow using powdered graffiti as an energy source, and it, therefore, represents a potential candidate for use in the bioremoval of graffiti.



	
A liquid culture medium enriched with powdered graffiti, tested here for the first time, enhancing the selection of appropriate bacteria, thus facilitating and accelerating the ability of the microorganisms to degrade the graffiti;



	
A protocol for applying the biocleaning treatment to remove graffiti from natural and man-made stone materials—based on the use of agar and water as carrier agents—is proposed.



	
Finally, some improvements have been made to the existing methodology, e.g., shortening the time required for adaptation of the microorganisms and the application time, making the method easier to apply on a larger scale.
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Figure 1. Schematic diagram of the experimental set-up for testing the culture protocols. 
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Figure 2. (a) Preparation of powdered graffiti; (b) silver and black powdered graffiti paints; (c) application solution supplemented with black powdered graffiti paint. 






Figure 2. (a) Preparation of powdered graffiti; (b) silver and black powdered graffiti paints; (c) application solution supplemented with black powdered graffiti paint.



[image: Coatings 09 00104 g002]







[image: Coatings 09 00104 g003 550]





Figure 3. Uncoated and coated specimens of natural and man-made stone. 
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Figure 4. Mineralogical composition of concrete specimens revealed by X-ray diffraction (XRD) analysis: (a) Cementitious part, (b) sandy part. 
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Figure 5. Biocleaning treatment with agar and cotton carriers on natural and man-made painted stone specimens. (a) Bacterial suspensions were brushed on to the layer of paint on the stone specimens and the warm agar was then added; (b) agar-treated stone specimens; (c) stone specimens treated using agar (left) and cotton (right) carriers and covered with plastic film. 
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Figure 6. Micrograph of particles of powdered graffiti surrounded by biofilm (white arrows). 
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Figure 7. Infrared spectra of silver powdered graffiti after treatment with bacteria. Silver graffiti spray paint; control, without bacteria; 13,048 corresponds to Aerobacter aerogenes; 700,440 corresponds to Comamonas sp., and 5190 corresponds to Pseudomonas stutzeri. 
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Figure 8. Infrared spectra of black powdered graffiti after treatment with bacteria. Black graffiti spray paint; control, without bacteria; 13,048 corresponds to Aerobacter aerogenes; 700,440 corresponds to Comamonas sp., and 5190 corresponds to Pseudomonas stutzeri. 
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Figure 9. (a) The black graffiti layer on concrete and (b) after the biocleaning treatment (20 days). 
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Table 1. Partial colour differences (ΔL*, Δa* and Δb*, CIELAB units) and total colour difference (ΔE*ab, CIELAB units) between the powdered graffiti.
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	Silver Graffiti Paint
	Control 1-Paint 1
	5190 1-Paint 1
	13048 1-Paint 1
	700440 1-Paint 1



	ΔL*
	−2.0
	−4.5
	−4.2
	−3.7



	Δa*
	0.0
	0.1
	0.0
	0.1



	Δb*
	0.8
	1.3
	0.5
	1.1



	ΔE*ab
	2.1
	4.6
	4.2
	3.8



	Black Graffiti Paint
	Control 1-Paint 1
	5190 1-Paint 1
	13048 1-Paint 1
	700440 1-Paint 1



	ΔL*
	−1.9
	5.7
	8.4
	1.4



	Δa*
	0.0
	−0.1
	−0.3
	−0.2



	Δb*
	−0.5
	−0.5
	−1.6
	−1.0



	ΔE*ab
	2.0
	5.7
	8.6
	1.7







1 Paint, graffiti spray paint; control, without bacteria; 13,048 corresponds to Aerobacter. aerogenes; 700,440 corresponds to Comamonas sp., 5190 corresponds to Pseudomonas stutzeri.
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