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Assessment of biocidal nanoparticles for the inhibition of microalgal 

fouling 

One of the main alterations in monuments is caused by the appearance of 

biofouling that—in addition to interfering with the aesthetic value of the work—

cause degradation of their constituent materials. Current restoration treatments 

are characterized by certain disadvantages, i.e., low durability, incompatibility 

with the original material or high toxicity for humans and the environment. 

Therefore, research on new treatments is necessary. This study conducted a 

comparative evaluation between treatments based on silver, copper, ZnO and 

TiO2 nanoparticles with acknowledged biocide properties, in order to analyse 

their capability to inhibit microalgal fouling on stone buildings. A limestone from 

the historical quarry of Estepa (Spain) was used for the evaluations. An 

accelerated microalgal growth assay was designed to assess their anti-fouling 

capacity after being treated with the biocide. The effectiveness of the treatments 

was evaluated by colourimetry, while the extent of biofouling was evaluated by 

multispectral imaging and digital image analysis. Finally, the biofouling layer 

thickness was measured by optical coherence tomography. Our results 

demonstrate the potential of silver and ZnO nanoparticles, highlighting the anti-

fouling capacity for historic buildings, and the advantages of the combination of 

the techniques used in this work to evaluate the processes of bio-alteration in 

stone. 

Keywords: deterioration; aesthetics; valuation methods; heritage; anti-algae, 

nanoparticle; limestone  

1. Introduction 

Biodeterioration of facades of historic buildings and archaeological sites is an 

undesirable change associated to the presence of microorganisms that act as alteration 

agents through chemical and physical processes related to their life cycles. In fact, Rossi 

and Philippis  estimated that between 20 and 30% of the degradation of stones is due to 

biodeterioration (Rossi & De Philippis, 2015). 
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The most relevant chemical process related to these microorganisms is 

disintegration of limestone due to organic acids secreted by them through their 

metabolic activity (Mihajlovski, Seyer, Benamara, Bousta, & Di Martino, 2015; Steiger, 

Charola, & Sterflinger, 2011). In turn, the main physical processes are associated with 

the microorganisms growth and their adhesion systems to the different substrates 

(Adriana, Tiano, Ventura, & Frediani, 2011; Sterflinger & Piñar, 2013). In addition, a 

clear chromatic alteration is generated, characterized by the emergence of a coloured 

patina that covers the surface of the degraded material, whose colour depends on the 

microorganisms that conform it and on their life-cycle state (Mihajlovski et al., 2015).  

The first microorganisms to colonize stony surfaces are typically microalgae and 

cyanobacteria (Li, Zhang, Yang, & Ge, 2018), forming the first stage of biodegradation 

with a micro-colonial aspect (Adriana et al., 2011). Its development is attributed to 

various factors such as the amount of light, temperature, humidity or water. The 

development of the initial pustules can generate biofilms formed by microorganisms 

embedded in a mucilaginous organic matrix (Adriana et al., 2011) whose thickness 

ranges from a few microns up to several millimetres (Steiger et al., 2011). In addition, 

its colour is related to the shaping species, available nutrients, and ageing of the 

colonies, among other aspects (Sterflinger & Piñar, 2013). 

Another negative aspect of biofilm is its ability to favour the colonization on 

stone surfaces by other microorganisms, especially chemoautotrophic and heterotrophic 

eubacteria and microfungi. The emergence of higher species such as fungi, lichen and 

moss can be associated with a third stage of degradation: the biocrust. Lichenic and 

moss crusts can appear from the uppermost layers of the stone down to several 

millimetres depth, and are sometimes associated with other alterations such as black 

crusts and whitish efflorescence (Adriana et al., 2011). Therefore, a direct relationship 
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can be established between biofilms and the emergence of other biocolonizers that 

accelerate superficial degradation on the various materials present in historical 

buildings, with noticeable incidence on limestone due to their physicochemical 

characteristics (porosity, surface roughness, hygroscopicity, chemical composition) 

(Adriana et al., 2011). 

Costs associated to biodeterioration in historical heritage are challenging to 

quantify (Mihajlovski et al., 2015) and are generally related to continuous cleaning, 

restoration and maintenance processes. In this sense, the current biocidal treatments 

consist mainly on cleaning for the elimination of biofilms and biocrusts. These 

processes have low effectiveness and must be repeated frequently, with risk implied for 

the object intervened. These actions are typically carried out by applying chemical 

products with biocide capacity, such as phenolic compounds, quaternary ammonium 

salts, and tributyltin. However, these methods have drawbacks such as short-term 

effectiveness, incompatibility with stone substrate or high toxicity for humans and the 

environment. Nugari and Salvadori  described colour changes on travertine after 

applying tributyltin (Nugari & Salvadori, 2003), while Bastian et al. reported that some 

treatments may favour the emergence of new microorganisms (Bastian, Jurado, 

Nováková, Alabouvette, & Saiz-Jimenez, 2010). Recent nanotech innovations have 

allowed the development of new treatments based on the specific properties offered by 

certain materials at the nanometric scale. In this regard, some silver (Ag) (Banach & 

Pulit-Prociak, 2016; Nowicka-Krawczyk, Zelazna-Wieczorek, & Koźlecki, 2017), 

copper (Cu) (Kruk, Szczepanowicz, Stefańska, Socha, & Warszyński, 2015; Zarzuela, 

Carbú, Gil, Cantoral, & Mosquera, 2017), titanium dioxide (TiO2) (Goffredo et al., 

2017; Munafò, Goffredo, & Quagliarini, 2015) or zinc oxide (ZnO) (W. M. Lee & An, 

2013; Yong, Krishnamoorthy, Hyun, & Kim, 2015) metal nanoparticles (NPs) have 
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shown excellent biocidal properties. Similarly, nanocomposites formed by several NPs 

have been synthesized whose synergy enhances the intrinsic biocidal properties of such 

NPs (Javier Becerra, Zaderenko, & Ortiz, 2017; Benetti et al., 2017; Lungu et al., 2014). 

The mechanisms of action of these NPs and biocidal nanocomposites on 

microorganisms are complex and are generally attributed to multifactorial processes 

related to the deterioration of the cell wall and the plasmatic membrane of the bacteria 

while inhibiting protein synthesis and DNA replication, as is the case of Ag, Cu and 

ZnO NPs (Mahmoodi, Elmi, & Hallaj-nezhadi, 2018; Nowicka-Krawczyk et al., 2017; 

Sirelkhatim et al., 2015), while TiO2 NPs enhance the oxidation of the cell wall and can 

interfere in the respiratory processes of organisms (Foster, Ditta, Varghese, & Steele, 

2011). These properties are promoted by the intrinsic morphological characteristics of 

the NPs (e.g., their shape and size) (Raza et al., 2016; Sadeghi et al., 2012; Sirelkhatim 

et al., 2015) and the presence of a specific precursor, as is the case of ultraviolet 

radiation in TiO2 NPs (Quagliarini, Bondioli, Goffredo, Cordoni, & Munafò, 2012). In 

some cases, the synthesis of nanocomposites can modify the specific properties of the 

constitutive NPs, for example, the increase in the chemical reactivity of TiO2 towards 

the visible spectrum when in contact with Ag NPs (La Russa et al., 2014; Zhao et al., 

2012). Additionally, all these treatments offer advantages over traditional treatments 

such as high durability and inalterability (Graziani, Quagliarini, Bondioli, & D’Orazio, 

2014; Munafò, Quagliarini, Goffredo, Bondioli, & Licciulli, 2014)  or effectiveness 

against a wide variety of microorganisms, with low toxicity for humans and the 

environment (Essa & Khallaf, 2014). 

The present study compares four NPs with biocidal properties (Ag, TiO2, Cu and 

ZnO) and two nanocomposites based on Ag/TiO2, as inhibitors of microalgal and 

cyanobacterial fouling, evaluating their applicability considering the necessary criteria 
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for historical heritage monuments together with their anti-fouling effectiveness. Thus, 

an accelerated microalgal growth assay was designed under controlled humidity and 

temperature conditions using biofouling samples composed of microalgae and 

cyanobacteria collected from the facades of historic buildings. The effectiveness of the 

six treatments was evaluated through a new multidisciplinary approach based on both 

the chromatic changes generated by the alteration (J. Becerra, Zaderenko, Sayagués, 

Ortiz, & Ortiz, 2018; De Muynck, Ramirez, De Belie, & Verstraete, 2009; P Sanmartín, 

Vázquez-Nion, Silva, & Prieto, 2012) and, the digital image analysis (De Muynck et al., 

2009; Merono, Perea, Aguilera, & Laguna, 2015; Rogerio-Candelera, Jurado, Laiz, & 

Saiz-Jimenez, 2011) from a multispectral camera at different wavelengths. The 

thickness of the biofouling was evaluated by optical coherence tomography (OCT) 

(Fortunato, Jeong, Wang, Behzad, & Leiknes, 2016; Wagner, Taherzadeh, Haisch, & 

Horn, 2010). The results allowed us to assess the best anti-algal treatment for stone 

buildings through a multidisciplinary approach that can be used in situ on monuments. 

2. Materials and methods 

2.1. Stone samples 

The use of limestone as a construction material has been a widespread practice in the 

Mediterranean Basin (Calvo & Regueiro, 2010). Numerous quarries of calcareous 

materials in southern Spain have been the source of this type of material for buildings 

from the Roman Empire to the great cathedrals (Alcalde & Martín, 1990; Bello & 

Martín, 1992; Galán, Carretero, & Mayoral, 1999) and extending to current 

constructions. The area of Estepa in southern Spain has several limestone quarries; 

limestone has been used because of its favourable physical, mechanical and aesthetic 

properties (Ortiz, Mayoral, Guerrero, & Galán, 1995) in religious monuments such as 
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the Cathedrals of Seville (15th-16th century) or Cadiz (18th century), and in large civil 

constructions such as the City Hall of Seville (16th-19th century) or the iconic tobacco 

factory in Seville (18th century). 

Among the limestone varieties of the Sierra de Estepa, an oolitic limestone with 

a quartz content of less than 1% (Ortiz et al., 2008) was chosen for this work due to its 

whiteness. This limestone has a total porosity of 13% and an average pore radius 

between 0.022 and 7.87 µm, featuring two predominant pore sizes due to the 

coexistence of intergranular microporosity and an interparticle porosity, the latter 

exhibiting the larger pore radius (Ortiz et al., 1995). 

The samples were cut into parallelepipeds of size 2.5 x 2.5 x 1 cm, and each test 

was performed five times. 

2.2. NP-based biocidal treatments 

Six treatments based on NPs were tested as potential biocides for cultural heritage and 

their possible application in historical heritage buildings, archaeological excavations 

and new construction have been evaluated. The nanoparticles studied were: titanium 

dioxide (TiO2), copper (Cu), zinc oxide (ZnO), silver (Ag) and two nanocomposites 

with a mixture of Ag and TiO2 NPs. The TiO2, Cu and ZnO NPs were supplied by 

commercial suppliers and have been previously characterized (J. Becerra et al., 2018; 

Carmona, García-Rodríguez, & Marcos, 2018; I. C. Lee et al., 2016; Liu et al., 2017; 

Ohno, Sarukawa, Tokieda, & Matsumura, 2001; Roy et al., 2014). Table 1 summarizes 

their most relevant properties regarding the present research. The silver-based NPs and 

their mixtures were synthesized specifically for this test as described in Section 2.3. 

2.3. Synthesis of silver NPs 

Three potential biocidal treatments based on Ag NPs were synthesized by reduction of 
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silver nitrate (AgNO3) with sodium borohydride (NaBH4) in aqueous medium. Two 

different stabilizing agents were used in the syntheses of the Ag/TiO2 nanocomposites: 

trisodium citrate and tetraethyl orthosilicate (TEOS). Silver nitrate (AgNO3) and 

trisodium citrate were purchased from Panreac, TEOS was purchased from Acros, 

TiO2NPs (P25) was purchased from Degussa, and sodium borohydride (NaBH4) was 

purchased from Sigma-Aldrich. All other chemicals were reagent grade. Water was 

purified using a Milli-Q reagent grade water system from Millipore. 

Treatment 1) is based on silver NPs stabilized with TEOS (Ag@TEOS). 

Specifically, 15 mL of an aqueous solution of NaBH4 (15 mL to 0.12 mmol) under 

magnetic stirring in ice bath is added to an aqueous solution of AgNO3 (15 mL to 0.015 

mmol). Then, a solution of 33 µL of TEOS in 20 mL of ethanol is added and the final 

solution is stirred for 1 h. The resulting suspension is stored in the dark until being 

applied to the stone samples. 

Treatment 2) is a modification of the previous protocol to obtain an Ag/TiO2 

nanocomposite (Ag@TEOS/TiO2); 14.5 mg of TiO2 NPs is added to the initial aqueous 

solution of AgNO3 before reduction. 

Treatment 3) is an Ag nanocomposite stabilized with trisodium citrate and TiO2 

(Ag@cit/TiO2). Briefly, 4.8 mg of TiO2 NPs is resuspended in 15 mL of water. An 

aqueous solution of AgNO3 (1 mL, 0.005 mmol) and an aqueous solution of trisodium 

citrate (1 mL, 0.02 mmol) are added to the initial colloid under magnetic stirring in an 

ice bath. Thereafter, 100 μL of an aqueous solution of NaBH4 (0.01 mmol) is added 

dropwise, and the reaction mixture is stirred for 1 h and 45 min. The resulting aqueous-

colloidal suspension is kept in darkness until its application to the limestone surface. 

This treatment has been reported previously (J. Becerra et al., 2018; Javier Becerra et 

al., 2017). 
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All the obtained NPs and nanocomposites were characterized by UV-visible 

(UV-Vis) spectrophotometry and dynamic light scattering (DLS). UV-Vis spectra were 

recorded on an Ocean Optics spectrometer equipped with an HR4000 detector 

(Dunedin, FL, USA). The hydrodynamic diameter (HD) and zeta potential (ζ) were 

determined by DLS on a Zetatrac Analyzer (Microtrac, USA). Measurements were 

carried out at 25 °C in water by placing appropriate amounts of the nanocomposite 

suspensions in the sample holders. 

2.4. Application of stone treatment and characterization methodology for the 

treated samples 

To evaluate the capability of the treatments based on metal and metal oxide NPs to 

inhibit microalgal fouling and their applicability for cultural heritage various tests were 

designed. Table 2 summarizes the concentration and solvents used in the application of 

stone treatments for these tests. The NP concentration in the suspension was adjusted to 

0.3 mg/mL. The nanocomposites were adjusted to a final TiO2 concentration of 0.3 

mg/mL with an Ag concentration of 0.03 mg/mL. Ag NPs were used at this low 

concentration due to their ability to stain the substrate, which has been described by 

numerous researchers (Goffredo et al., 2017; La Russa et al., 2014; Ruffolo, Ricca, 

Macchia, & La Russa, 2017). Water was used as solvent in the suspension for TiO2, 

ZnO and Ag@CIT/TiO2 NPs. For the Cu NPs, the solvent was ethanol since water 

hinders re-suspension of this type of NP. Regarding Ag NPs stabilized with TEOS, a 

3:2 water-ethanol mixture was used, as in its synthesis, to avoid suspension problems.   

Four applications of 100 µL of treatment were applied with a brush on the 

Estepa limestone samples with a space of 1 h between each application. The samples 

were then dried at room temperature (24±2 °C) for 3 days to evaporate the solvent. 
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The possible aesthetical changes caused by these treatments is a variable that 

must be considered after their application on historical heritage. For that, the surface of 

the treated samples was analysed by digital microscopy (Zarbeco MiScope MP2) with a 

40-140× magnification lens and scanning electron microscopy (SEM, JEOL JSM-6510). 

SEM samples were coated with carbon.  Additionally, the chromatic changes caused by 

the treatments were measured by colourimetry (X-Rite SP60 colourimeter, 8 mm 

aperture). Nine measurements were carried out along the surface of each sample, and 

the CIELAB colour increase (ΔE*) was calculated according to Eq. (1): 

 ∆𝐸𝐸∗ = √∆𝐿𝐿∗2 + ∆𝑎𝑎∗2 + ∆𝑏𝑏∗2  Eq. (1) 

where ΔL*, Δa* and Δb* characterize colour variation values associated with black-

white (luminosity), red-green and yellow-blue, respectively. 

2.5. Accelerated microalgal growth assay and characterization methodology 

after the test 

For the accelerated microalgal growth assay, an algae culture was scraped from several 

stone facades of monuments from the 13th-18th century of Seville (Spain) that were 

affected by this pathology. The biofouling was characterized in a previous study (J. 

Becerra et al., 2018). The microalgal and cyanobacterial extracts were grown in an M-8 

culture medium (Mandalam & Palsson, 1998) for 7 days at room temperature (24±2 °C) 

and exposed to sunlight. On the seventh day, the culture was brought to a 0.1 optical 

density (OD750nm) by adding water (2:1 culture-water); 100 µL of algae culture was 

inoculated on each of the samples previously treated with the different types of NPs, 

and the samples were dried at room temperature (24±2 °C) for 3 days before testing. 

Each treatment was performed five times; 5 stone samples were included as a control 

without any type of treatment. 
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To accelerate microalgal fouling in the stone, a greenhouse-accelerated 

biofouling growth assay was designed. In the assay, the relative humidity (90±5%) and 

temperature (28±2 °C) were kept constant by means of a cool humidifier and a heater, 

both controlled by electronic thermostats. In addition, a datalogger was used to monitor 

fluctuations. The assay was carried out on the natural day-night cycle, with average 

sunlight of 14 h. To favour the growth of microalgae, moisture was constantly added to 

the samples by water by capillarity. After 45 days of testing, an extract of nutrients was 

added in a ratio of 1:5 medium-water. The assay was terminated after 60 days. 

Once the test was completed, the samples were dried for 5 days at room 

temperature, followed by surface characterization. Algal colonisation was quantified by 

the colour increase during the accelerated ageing test (ΔE*[pw]) according to Eq. 1, 

where ΔL*, Δa* and Δb* represent the colour variations between the samples before the 

start of the test and after its completion. Due to advantages such as its non-destructive 

nature, possibility of in situ measurement in buildings, lack of requirements for sample 

preparation, and rapidity, this technique has been widely supported in various studies 

relative to other techniques such as the measurement of chlorophyll α or fluorescein 

diacetate hydrolysis commonly used in biofouling studies (De Muynck et al., 2009; 

Prieto, Silva, & Lantes, 2004; P. Sanmartín, Villa, Silva, Cappitelli, & Prieto, 2011; P 

Sanmartín et al., 2012). 

The treatment’s anti-fouling effectiveness (TE) was calculated according to Eq. 

2. 

 𝑇𝑇𝐸𝐸 = �𝛥𝛥𝐸𝐸
∗[𝑝𝑝𝑝𝑝]untreated sample− (𝛥𝛥𝐸𝐸∗[𝑝𝑝𝑝𝑝]) 

𝛥𝛥𝐸𝐸∗[𝑝𝑝𝑝𝑝]untreated sample
× 100�       Eq. (2) 

where ΔE *[pw]untreated sample characterizes the colour variation of the untreated sample 

after the test and ΔE *[pw] is the variation of colour in the different samples treated 
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with NPs. 

The biofouling on the surface of the samples was evaluated by digital 

microscopy (Zarbeco MiScope MP2) with a 40-140× magnification lens and 

multispectral imaging (multispectral camera MuSIS HS). Biofouling was quantified by 

digital image analysis.(De Muynck et al., 2009) The images were captured using a 

MuSIS HS multispectral camera at wavelengths of 420, 520 and 620 nm under natural 

lighting within 1 h, during which the change of lighting was minimal. The images were 

processed using Image-Pro Plus 6 software. To quantify the algal coverage on the stone 

surface, a threshold analysis was performed on images converted to greyscale. Based on 

the visual examination and on a comparative spectral study of the greyscale histogram 

of the values of the altered and non-altered zones, a value of 110 was taken as a 

threshold for binarization of the image. Zones with grey levels above that value were 

classified as altered zones in the binarized image. The percentage of area colonized by 

biofouling was calculated as the percentage of pixels with grey levels above the 

established threshold versus the total of the image, using the function count/size and 

range statistics. 

The thickness of the algal fouling was measured by optical coherence 

tomography (OCT, THORLABS OCS1050SS) using 2D viewing mode. The OCT 

Doppler mode was used to confirm the presence of the biofouling layer on the stone 

surface by detecting anomalous behaviour on the surface of an object due to changes in 

its vibration speed (Martarelli et al., 2014). 

3. Results and discussion 

3.1. Treatments 

We have obtained three treatments based on silver nanoparticles, TEOS and TiO2 that 
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have been used for the first time as biocides for historical or contemporary buildings.  

Therefore, full characterization results of the NPs synthesized specifically as antifouling 

treatments are presented. 

The Ag@TEOS NPs have an HD of 5 nm, substantially lower than that of Ag/ 

TiO2 nanocomposites. In those nanocomposites, the HD is increased by the presence of 

TiO2. However, the Ag NPs act as a stabilizer on titanium dioxide (HD 184 nm, Table 

1) as they form the nanocomposites, lowering the HD to 120 or 72 nm (Table 3), 

depending on the stabilizing agent used in the Ag NPs, TEOS or citrate, respectively. 

Such stabilization is also evident by considering the increases in the absolute values of 

zeta potential, which change from -17 mV for TiO2 NPs to values close to -30 mV for 

the nanocomposites, although they do not reach values as high as that obtained in 

Ag/TEOS NPs. A comparison between the six treatments, the three commercial ones 

and the three synthesised in this work (Tables 1 and 3, respectively) indicates that TiO2 

and Cu NPs are the least stable since they show the largest HD and lowest zeta potential 

values, which are characteristic of unstable colloids with a remarkable tendency to 

aggregate (Koutsoukos, Klepetsanis, & Spanos, 2006; Suttiponparnit et al., 2011). 

The UV-visible spectrum (Figure 1) shows an Ag surface plasmon with an 

absorption maximum in the range of 385 to 400 nm. Some authors reported a relation 

between the size of the silver particles and the wavelength of their plasmon and 

established an average size of 5-20 nm for Ag NPs with an UV-Vis absorption peak in 

the range of 393-401 nm (Agnihotri, Mukherji, & Mukherji, 2014; Raza et al., 2016). 

This is consistent with our HD results for Ag@TEOS. In the case of the 

nanocomposites, the band at around 300 nm corresponds to TiO2 and partially overlaps 

with the plasmon band, which is why it appears as a shoulder. The band width, and 

especially the slow decay at the high wavelength end, indicates some polydispersity of 
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the nanoparticle sizes. Both Ag NPs and nanocomposites have proven so far to be stable 

over an 8-month period because neither have their HD increased, nor has their UV-Vis 

spectrum changed.  

3.2. Application of stone treatment and characterization methodology for the 

treated samples 

After the treatments were applied according to the specifications of Section 2.4, the 

colour increases caused by the treatments were measured (ΔE*[aw]). Table 4 shows the 

colour changes for each treatment. 

The practice of validating conservation and restoration treatments is generally 

implemented when ΔE* is lower than 5 (Graziani, Quagliarini, & D’Orazio, 2016; 

Pinho, Rojas, & Mosquera, 2015; Patricia Sanmartín et al., 2015). However, some 

researchers have proposed a somewhat more permissive range, establishing that ΔE*<5 

implies changes imperceptible to the human eye; 5<ΔE*<10 implies changes 

perceptible by the human eye but acceptable in historical heritage, and ΔE*>10 implies 

substantial changes unsuitable for historical heritage (García & Malaga, 2012; Ortiz et 

al., 2013). As shown in Table 4, only treatments based on Ag NPs satisfy ΔE* >5, 

although without exceeding a value of 10. This colour change is based on a slight 

darkening of the surface and a shift towards yellow tones, as shown by ΔL* and Δb*. 

The staining capacity of the silver NPs is a recurrent problem reported in the literature 

(Goffredo et al., 2017; Graziani et al., 2016; La Russa et al., 2014; Ruffolo et al., 2013, 

2017) and is associated with the initial tone of the substrate in which it is applied 

(Bellissima et al., 2014; Pinho et al., 2015). Therefore, a limestone with high whiteness 

degree was chosen, allowing the detection of any type of aesthetic modification. Figure 

2 shows the slightly perceptible (by the human eye) increase of ΔE* relative to the 

untreated sample.  
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As can be seen in Figure 2, the morphology of the stones is not affected by the 

treatments, and the granular structure of the stone appears unaltered even in the samples 

in which the treatments produce a greater increase in colour (ΔE*), such as the 

nanocomposites of Ag and TiO2.  Nevertheless, at the higher magnifications achieved 

by SEM, differences between treatments can be seen (Figure 3). As can be observed in 

the untreated sample, especially at the 20 µm scale, the natural stone exhibits a marked 

heterogeneity, with granular regions and smooth regions, which makes a visual 

evaluation of the effect of the treatments difficult at this scale. Nevertheless, the 

treatments that have higher zeta potentials (i.e. Ag@TEOS) seems to penetrate or 

disperse on the surface without aggregating or obstructing the porous system. In the 

case of the less stable treatments according to zeta potentials (i.e. Cu and ZnO NPs), the 

surface looks smoother than the untreated sample, hinting at the possibility of an 

aggregation on the surface that makes the penetration more difficult.  

3.3. Accelerated microalgal growth assay and characterization methodology 

after the test 

Accelerated biofouling  growth assays have been used by other authors (J. Becerra et 

al., 2018; Goffredo et al., 2017; Graziani et al., 2016; Maury-Ramirez, De Muynck, 

Stevens, Demeestere, & De Belie, 2013; Radulovic et al., 2013) to verify the biocidal 

capacity of different NPs on stony substrates. However, Goffredo et al. (Goffredo et al., 

2017) recently established that basing these tests on the continuous application of 

cultures on the samples is inappropriate to simulate a real case. Therefore, we opted to 

generate optimal conditions (high humidity, moisture by capillary rise and warm 

temperature) to promote the growth of cultures inoculated on the surface of the samples 

and to provide the initial contribution of nutrients with replenishment at 45 days. After 

60 days of testing, aesthetic changes were visible on the untreated samples (Figure 4), 
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highlighting those samples in which the applied treatments showed higher anti-fouling 

capacity. 

The anti-fouling degree and effectiveness of the treatments were evaluated by 

means of colourimetry. The colour increases (ΔE*) measured in the samples treated by 

NPs (ΔE*[pw]) (Table 4) were close to 5 except for the sample treated with TiO2, 

whose ΔE* increase was greater than 21. The effectiveness of the treatments (Table 4) 

was calculated by relating the biofouling formed in the untreated samples and in the 

samples with each of the treatments. In this sense, samples treated with Ag@TEOS 

provided the highest anti-fouling effectiveness, at 78% in the surface of the sample, 

despite being the treatment with the lowest NP concentration of 0.03 mg/mL versus 0.3 

mg/mL for the other treatments. The rest of the treatments, except for the TiO2 NPs, had 

an effectiveness higher than 50%, and the ZnO NPs notably had an effectiveness close 

to 70%. TiO2 NPs showed a lack of inhibitory activity and in fact promoted biofouling, 

surpassing that of the control samples by 54%. This result may be due to the lack of UV 

radiation, which promotes the photocatalytic activity of the TiO2 NP (Pacheco-Torgal & 

Jalali, 2011; Quagliarini et al., 2012). However, the biocidal properties were 

considerably increased in the presence of Ag NPs, increasing their reactivity to the 

visible spectrum. This finding was reported in previous studies by our group (J. Becerra 

et al., 2018; Javier Becerra et al., 2017). In this case, the effectiveness for 

Ag@TEOS/TiO2 and Ag@CIT/TiO2 was a 60% and 54%, respectively, although lower 

than that reported by Becerra et al. (J. Becerra et al., 2018), perhaps due to the lack of a 

constant source of illumination. 

The effectiveness evaluation was complemented by assessing the extent of the 

alteration produced after the ageing test and the thickness of the biofouling, allowing 
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evaluation of the representativeness of the colour change to evaluate this type of 

alteration. 

Figure 5 shows the multispectral images taken at different wavelengths (λ=420, 

520 and 620 nm). Samples that have proven to be effective as a biocide have a 

disturbance extension on the surface of less than 5%. 

It must be considered that the margin of error to quantify the biofouling extent is 

approximately 1.4±0.4%, obtained by the digital image analysis for non-aged samples, 

corresponding to the darkening caused by the system porosity. This value can be 

understood as a measurement error, although the growth of these microorganisms is 

associated in its primary stage with the superficial porous system of the stone (Figure 

4). 

The samples treated with TiO2 had the greatest alteration extension by 

biofouling (Table 5), confirming the results obtained by means of colourimetry. The 

untreated sample had a slightly lower extension, with a lower difference than that 

observed between the colour increments (ΔE*[pw]) for both samples. This result arises 

because the biofouling formed in the samples treated with TiO2 is denser than in the 

untreated samples (Figure 4). Note that the maximum quantification of the biofouling 

extension between these samples is reached at different wavelengths: 420 nm for the 

sample treated with TiO2 and 520 nm for the untreated sample. This finding might be 

related both to the typology of the dominant microorganism in biofouling 

(Mehrubeoglu, Teng, & Zimba, 2013; Xi, Hieronymi, Krasemann, & Röttgers, 2017) 

and to its ageing state, although a direct relationship is not established in this study. 

Finally, the thickness of the biofouling formed was evaluated with OCT. The 

samples were evaluated before the accelerated microalgal growth assay without 

evidence of any layer forming after applying the treatments (Figure 6). This fact was 
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corroborated by Doppler-mode OCT, showing no discontinuity by changing the 

material on the surface of the treated limestone. After the accelerated microalgal growth 

assay, the treatments classified as effective (such as Ag@TEOS or ZnO) showed no 

formation of any type of superficial biofouling layer (Figure 6). However, for the cases 

where biofouling occurred, as in the untreated sample and the sample treated with TiO2 

(Figure 6), a thin layer of microorganism aggregates that made up a discontinuous layer 

with a maximum thickness of 0.3 µm was observed by means of OCT on the surface of 

the stone. This discontinuous layer is more easily detected on the Doppler image, as the 

anomaly is detected as a difference in vibrational mode. 

Conclusions 

Different treatments based on nanomaterials have been evaluated as inhibitors of algal 

foulings to be used in historic buildings on building materials. These treatments consist 

of commercial metal NPs (Cu, TiO2 and ZnO) or those synthesized by the researchers 

(Ag and Ag and TiO2 nanocomposite). The aesthetic impact of these treatments is 

related to the tonality of the substrate material. For the Estepa limestone, chosen for its 

high level of whiteness, the presence of Ag and Cu NPs generates a greater colour 

increase, although this outcome could be considered admissible in areas of low visual 

impact in monuments and archaeological sites. 

Ag and ZnO NPs delivered the best results as biocide treatments, with an 

effectiveness of approximately 70%. Only the treatment with TiO2 NPs showed 

ineffectiveness. This result may be due to the lack of ultraviolet radiation, which is 

necessary to promote the photocatalytic capacity of said NPs. However, the synergy 

between Ag and TiO2 NPs yielded biocidal properties, inhibiting biofouling in more 

than 50% of the samples. The silver NPs synthesized for this study offer optimal 

biocidal properties suitable for future research. 
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The multispectral imaging associated with digital image analysis allowed us to 

evaluate the extent of the alteration on the surface, producing slight differences 

according to the wavelength used, possibly due to the dominant species or ageing state 

of the biofouling; future studies are planned in this area. Additionally, the ability of 

OCT to determine the thickness of biofouling has been confirmed, allowing a 

comparison using Doppler mode. 

The methodologies applied (colour change, multispectral imaging with digital 

image analysis and OCT) comprise a very useful combination to analyse the formation 

of biofouling and the monitoring of its development after the application of a biocidal 

treatment. This multidisciplinary approach can be used in situ with monuments and is 

non-destructive and quite economical. 

In summary, it can be concluded that the treatment based on NPs of Ag@TEOS, 

synthesized by the authors, is the most efficient, showing the highest anti-fouling 

capacity (78%) applied at lower concentrations (0.03 mg/mL), which reduces the 

treatment cost. However, the use of Ag NPs produces a colour increase to slightly 

greater than 5, qualifying its use on stones and other construction materials with certain 

tonality or in areas of monuments with no visual impact. For stone materials with very 

light tones or a high whiteness degree, a suitable alternative would be ZnO NPs, with 

anti-fouling capacity close to 70% and a slight increase in colour, due to the white 

colour of the colloid. 
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Table 1. Main physical properties of the commercially available NPs (J. Becerra et al., 

2018; Carmona et al., 2018; I. C. Lee et al., 2016; Liu et al., 2017; Ohno et al., 2001; 

Roy et al., 2014). 
NP Source CAS number Size (nm) HD* (nm) Zeta potential* (mV) 

TiO2 (P25) 

Rutile 

Anatase 

Degussa 13463-67-7  

85 

25 

184 -17 

Cu Sigma-Aldrich 7440-50-8 40-60 260.9 -19.6 

ZnO Sigma-Aldrich 1314-13-2 50 90.8 14.8 
* Measured in water 
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Table 2. Nanoparticles concentration and solvent of the biocidal treatments 
NP Concentration (mg/mL) Solvent 

TiO2 (P25) 0.3 Water 

Cu 0.3 Ethanol 

ZnO 0.3 Water 

Ag@TEOS 0.03 3:2 water-ethanol 

Ag@TEOS/TiO2 0.33 3:2 water-ethanol 

Ag@CIT/TiO2 0.33 Water 

 

  



31 

 

Table 3. HD and zeta potential (ζ) of the various Ag and TiO2-based nanocomposites.  
 HD (nm) ζ (mV) 

Ag@TEOS 5±1 (6±1)* -125±19 

Ag@TEOS/TiO2 120±16 (134±20) -37±4 

Ag@CIT/TiO2 72±18 (75±16) -25±0.3 

 * Measures in brakes were taken 8 months after synthesis. 
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Table 4. Colour changes caused by the application of nanocomposites (Pre-weathering 

test) and the microalgal fouling (Post-weathering test) and effectiveness assessment 
 Pre-weathering test [aw] Post-weathering test [pw] Effectiveness 

Product ΔL* Δa* Δb* ΔE* ΔL* Δa* Δb* ΔE* [ET] (%) 

TiO2 0.2±0.1 -0.0±0.0 -0.0±0.1 0.3±0.1 -17.3±9.1 0.1±0.8 12.3±8.5 21.4±12.2 -54 

Cu -4.6±0.1 -0.2±0.2 -0.9±0.2 4.7±0.1 4.7±0.2 -0.6±0.2 2.6±0.4 5.5±0.2 61 

ZnO 0.5±0.2 -0.0±0.1 0.1±0.1 0.6±0.2 -3.3±3.0 0.1±0.2 3.0±0.7 4.6±2.8 67 

Ag@TEOS -2.6±0.3 1.1±0.2 6.2±0.3 6.8±0.4 -1.1±0.6 0.3±0.2 -2.8±0.6 3.1±0.5 78 

Ag@TEOS/TiO2 -2.4±0.5 0.7±0.2 7.8±1.4 8.2±1.5 -2.0±1.1 -0.2±0.2 -5.1±1.3 5.6±1.4 60 

Ag@CIT/TiO2 -3.8±0.7 1.9±0.5 8.4±1.0 9.4±1.2 -3.3±2.6 -1.5±0.6 -4.8±1.1 6.4±1.4 54 

Untreated sample - - - - -12.1±7.4 0.1±1.2 6.5±5.5 13.85±9.2 - 
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Table 5. Biofouling extension over the limestone slabs after the weathering test. 
Biofouling Extension (%) 

 Wavelength (nm) 

Product 420 520 620 

TiO2 28.3±15.7 26.8±15.3 19.2±12.6 

Cu 0.3±0.1 0.8±0.4 0.2±0.1 

ZnO 1.3±0.3 2.2±0.2 0.84±0.2 

Ag@TEOS 3.6±0.8 0.8±0.7 0.5±0.3 

Ag@TEOS/TiO2 2.5±1.2 5.6±1.2 3.9±1.4 

Ag@CIT/TiO2 4.6±1.3 4.0±1.0 1.9±0.6 

Untreated 20.5±11.5 24.9±11.9 19.1±10.8 
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Figure 1. UV-Vis spectra of aqueous solutions of silver nanoparticles and silver/TiO2 

nanocomposites. Concentrations were chosen to obtain a silver surface plasmon 

intensity of 0.8.  
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Figure 2. Digital images of limestone samples after the application of NP-based 

treatments and detailed images of the surfaces of the stones at 40× magnification 

obtained by digital microscopy. Some yellowing is observed on the stones treated with 

Ag (Ag@TEOS, Ag@TEOS/TiO2 and Ag@CIT/TiO2). 
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Figure 3. Electron micrographs of the untreated and treated stone samples at different 

magnifications (200, 20 and 2 µm). The samples were coated with a carbon layer to 

improve their conductivity. 
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Figure 4. Digital images of the samples after an accelerated biofouling ageing assay and 

detailed images of stone surfaces at 40× magnification obtained by digital microscopy. 

Untreated and TiO2-treated samples are the most colonized by biofouling at the end of 

the test. 
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Figure 5. Spectral images at narrow spectral bands (420, 520 and 620 nm) and the 

digital analysis images of the limestone samples after the accelerated microalgal growth 

assay. 
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Figure 6. OCT images and Doppler OCT mode images of the limestone samples before 

and after the weathering test. 
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