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1. Abstract 

The biodeterioration of artistic and architectural heritage represents a serious and 

recurring problem for museums, local authorities, and private collectors alike, 

where irreparable damage to unique artifacts can result in immeasurable losses 

to our shared cultural heritage. This biodeterioration is mainly caused by 

microorganisms, which not only threat heritage materials such as paper, leather, 

or stones, but also poses a health risk to restorers and general public. The overall 

aim of this thesis is to engineer a range of molecular and hybrid nanomaterials 

with modular and tuneable antimicrobial properties, which act to help prevent 

the biodeterioration of cultural heritage objects. To achieve this goal, there have 

been used magnesium oxide nanoparticles (MgO NPs) and polyoxometalate-

ionic liquids (POM-ILs) against different bacterial and fungal strains. The MgO 

NPs (average diameter 10-12 nm), synthesized by sol-gel method, have been used 

as protective coating for 18th century paper samples. In vitro assays demonstrated 

the antimicrobial activity of the MgO NPs against two bacteria (E. coli and B. 

subtilis) and three moulds commonly found colonizing paper heritage (A. niger, 

C. cladosporioides and T. reesei). Moreover, the MgO NPs not only inhibit the 

bacterial and fungal growth over the paper samples, but also the cellulase activity 

of T. reesei and A. niger, preventing the degradation of the paper. On the other 

hand, three POM-ILs, based on the monolacunary Keggin-type polyoxometalate 

([α-SiW11O39]8-) and combined with three different cations, have been used to 

protect different types of mineral-based building materials from microbial 

colonization. The broad-spectrum antimicrobial activity of POM-IL DOTMG-1 

has been studied against non-pathogenic (E. coli DH5-α, B. subtilis) and 

pathogenic (VTEC, L. monocytogenes) bacteria and against environmental moulds 

(A. niger, C. cladosporioides) as well as alimentary mycotoxin-producing moulds 

(A. ochraceus, P. expansum), obtaining low biocidal concentrations. POM-IL 1 and 

POM-IL 2 were used to limit the growth of lampenflora on chalk stones, and the 

results showed both POM-ILs were more effective than commercial Preventol 

RI80 against two algal strains isolated from the Pommery Champagne cellar bas 

reliefs, Pseudostichococcus monallantoides and Chromochloris zofingiensis. The 

antifungal activity of different POM-ILs as disinfectant agents to eradicate mould 

contamination inhabiting historical bricks was also studied, being POM-IL 2 one 

of the compounds with better performance. Based on these results, we can 

conclude that both MgO NPs and POM-ILs are promising compounds for the 
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conservation of cultural heritage objects and architecture. They can be applied as 

colourless coatings, which won’t modify the aesthetics of the materials, and 

display broad-spectrum antimicrobial activity, preventing the colonisation of the 

surface. 
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1. Resumen 

El biodeterioro del patrimonio artístico y arquitectónico representa un grave y 

recurrente problema tanto para museos y autoridades locales como para los 

coleccionistas privados, donde un daño irreparable en ciertos objetos únicos 

puede ocasionar grandes pérdidas para nuestro patrimonio cultural. El 

biodeterioro está causado principalmente por microorganismos, que no solo 

suponen una amenaza para los materiales patrimoniales como el papel, el cuero 

o las piedras, sino que también ponen en riesgo la salud de los restauradores y 

del público en general. El objetivo general de esta tesis es diseñar una gama de 

nanomateriales moleculares e híbridos con propiedades antimicrobianas 

modulables, que puedan ayudar a prevenir el biodeterioro del patrimonio 

cultural. Para lograr este objetivo se han sintetizado nanopartículas de óxido de 

magnesio (MgO NPs) y líquidos iónicos de polioxometalatos (POM-ILs), y se ha 

probado su eficacia frente a diferentes cepas de bacterias y mohos. Las NPs de 

MgO (con un diámetro medio de 10-12 nm), sintetizadas mediante un método 

sol-gel, se han utilizado como un recubrimiento protector en muestras de papel 

del siglo XVIII. Diferentes ensayos in vitro demostraron la actividad 

antimicrobiana de las NP de MgO frente a dos bacterias (E. coli y B. subtilis) y tres 

mohos que suelen encontrarse contaminando papel (A. niger, C. cladosporioides y 

T. reesei). Además, con estudios complementarios se ha comprobado que las NPs 

de MgO no solo inhiben el crecimiento bacteriano y fúngico sobre las muestras 

de papel, sino que también inhiben la actividad celulasa de T. reesei y A. niger, 

evitando así la degradación del papel. Por otro lado, tres POM-ILs (basados en el 

polioxometalato monolacunar tipo Keggin [α-SiW11O39]8- combinado con tres 

cationes diferentes) se han utilizado para proteger diferentes tipos de materiales 

de construcción (de base mineral) de la colonización microbiana. Se ha estudiado 

la actividad antimicrobiana de amplio espectro de uno de estos compuestos 

(POM-IL DOTMG-1) frente a un amplio abanico de microorganismos: bacterias 

no patógenas (E. coli DH5-α, B. subtilis), bacterias patógenas (VTEC, L. 

monocytogenes), mohos ambientales (A. niger, C. cladosporioides) y mohos 

alimentarios productores de micotoxinas (A. ochraceus, P. expansum), obteniendo 

una buena actividad biocida a baja concentración frente a todos los 

microorganismos. Por otra parte, el POM-IL 1 y POM-IL 2 se utilizaron como 

recubrimientos antimicrobianos en piedra caliza para limitar el crecimiento de 

lampenflora. Los resultados obtenidos demostraron que ambos POM-ILs eran 

más efectivos que un compuesto comercial (Preventol RI80) frente a dos cepas de 
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algas aisladas de los bajorrelieves de la bodega de Champagne de Pommery, 

Pseudostichococcus monallantoides y Chromochloris zofingiensis. También se estudió 

la actividad antifúngica de diferentes POM-ILs como agentes desinfectantes en 

muestras de ladrillos históricos previamente contaminados por mohos, siendo el 

POM-IL 2 uno de los compuestos que presentó mayor actividad. A la vista de 

estos resultados, se puede concluir que tanto las NPs de MgO como los POM-ILs 

son compuestos prometedores para la conservación del patrimonio cultural, ya 

que se pueden aplicar como recubrimientos incoloros, que no van a modificar la 

apariencia estética de los materiales, y que presentan actividad antimicrobiana 

de amplio espectro, evitando así la colonización microbiana de la superficie. 
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2. Introduction 

2.1. Biodeterioration of cultural heritage artifacts and architectures: causes 

and threats 

The tangible cultural heritage of a country or region is largely based on their 

artistic and architectural heritage. This heritage is constituted by a wide range of 

objects and materials, from books and paintings to textiles and buildings, all of 

which are constituted by different types of raw natural and handmade materials. 

However, they share one common feature in that almost all heritage material 

types are highly susceptible to deterioration over time. The global societal issue 

concerning the decay of our shared cultural heritage not only poses a threat to 

the historical value of the object; it also includes important economic 

considerations caused by lack of proper preservation of the artifacts.1 Singular 

tragic events such as wars, fires and floods pose serious and often unforeseen 

threats, but other silent but relentless threats arising from environmental aspects 

(such as alterations in humidity, temperature, light, CO2 concentration, 

atmospheric pressure, and pH) and geological conditions have an extremely 

deleterious effect on all types of heritage materials. The chemical composition of 

the material will affect the ageing process of the material and its bioreceptivity, 

which can be defined as the “ability or aptitude of a material to be colonised by one or 

several groups of living organisms”.2,3 Although this colonisation does not 

necessarily preclude any noticeable damage, changes in environmental 

conditions could easily lead to biodeterioration—“any undesirable change in the 

properties of a material caused by the vital activities of organisms”4— of the object, 

which poses a persistent problem in the conservation of cultural heritage. 

Biodeterioration involves a combination of physical and chemical damages, 

together with aesthetic alteration (Table 1), and occurs in both outdoors and 

indoors environments, from the façade of the buildings to artifacts displayed in 

exhibition rooms or stored in depots and is caused, mainly, by microorganisms.5 

These microorganisms (such as bacteria, fungi, cyanobacteria, and algae) are 

highly proficient at inhabiting and decaying artistic and architectural heritage 

objects, constituted by inorganic and organic materials such as paper, leather, 

stone, textile, ceramic, metal, and glass.2 
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Table 1. Types of biodeterioration 

Type of biodeterioration Description Example 

Physical and mechanical 
The material is damaged by 

the organism’s growth. 

Penetration of fungal hyphae 

or moss rhizoids into the 

stone, causing holes. 

Aesthetic 
Microorganism growth alters 

the aesthetics of the object. 

Microbial biofilms growing 

over stone supports. 

Chemical assimilation 

The microorganisms use the 

material as their carbon and 

energy source. 

Dissolution of stone 

substrates by epilithic 

cyanobacteria. 

Cellulose degradation into 

glucose by cellulolytic fungi. 

  

2.1.1. Microorganisms responsible of the biodeterioration 

All types of historic artifact are at risk of biodeterioration by microorganisms, 

from outdoor environments like palaeolithic wall art or external façades of 

buildings and stone sculptures, to indoor environments, which include both 

museums or private art collections; not to mention underground heritage, which 

includes caves, catacombs, and cellars. It therefore follows that biodeterioration 

of such a wide variety of substrate materials over such different local 

environments can be caused by a wide and heterogeneous community of 

colonising microbes constituted by prokaryote (bacteria and cyanobacteria) and 

eukaryote microorganisms (fungi and algae).6 The different characteristics of 

each environment will influence the type of microorganisms colonising the 

heritage object, making some of them prevail over others (Figure 1). 
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Figure 1. Schematic representation of the different characteristics of outdoor and indoor 

environments and its influence in microbial colonisation. Outdoor environments constitute high 

energy systems where weather conditions can vary from extreme hot environments with high 

doses of sun radiation to colder and humid conditions. In general, the pioneer colonisers are 

phototrophic microorganisms such as cyanobacteria, algae and lichens, followed by the 

heterotrophic microorganisms (secondary colonisers) such as bacteria and fungi. Indoor 

environments represent low energy systems characterized for their dark and humid conditions, 

which favour the growth of heterotrophic microorganisms like moulds and bacteria among the 

autotrophic ones. However, human activity has disrupted the natural ecosystem, causing new 

and undesired contaminations such as the lampenflora (photosynthetic cave microorganisms) 

growth due to artificial lighting. 

Outdoor environments constitute high energy systems, with large amount of 

nutrients and light. In this scenario, the main colonizers will be those 

microorganisms that are best able to use these energy sources. In general, the 

pioneer colonisers of outdoor heritage are those capable of using light as a carbon 

source, namely, autotrophic microorganisms such as algae, cyanobacteria and 

lichens, which are able to perform photosynthesis. Note that lichen result from 

the symbiosis between an autotrophic microorganism (algae or cyanobacteria) 

and a fungus.7–9 These autotrophic microorganisms can obtain their nutrients 

from the inorganic compounds present in the surface and the sunlight and, once 
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they have obtained a foothold on the surface, the heterotrophic microorganisms 

(such as bacteria and fungi) can establish themselves as secondary colonisers, 

obtaining organic nutrients from the autotrophs that have established themselves 

previously, thereby creating a multispecies biofilm over the surface.8 

On the other hand, indoor environments represent low energy systems, with 

little availability of energy and nutrients. Natural and artificial indoor 

environments, like caves, cellars, or depots are characterized for their dark and 

humid conditions, which favour the growth of heterotrophic microorganisms 

like moulds and bacteria among the autotrophic ones.8,10 Nonetheless, human 

activity has led to new sources of contamination, for example introducing new 

bacterial strains during restoration processes. Piñar and co-workers described a 

dominance of bacteria over fungi on Leonardo Da Vinci’s drawings, partly due 

to the manipulation of the drawing during restoration works, which led to a high 

proportion of bacteria, typical of the human microbiome, contaminating the 

artworks.11 Moreover, artificial lighting on caves and cellars has caused an 

increase of “lampenflora” (photosynthetic cave communities constituted by 

algae and cyanobacteria) growth. This problem has been described in show caves 

like the Carlsbad Cavern12 or the Postojna and the Škocjan cave, in Slovenia,13 and 

also in the Pommery Champagne cellar,14 among other caves worldwide, where 

the lampenflora growth mar the aesthetics and can degrade the stone surfaces. 

This increased influence of the human activity on different heritage scenarios 

disrupts the natural ecosystem, causing new and undesired contaminations and 

accelerating the biodeterioration process, which sometimes ends with the closure 

of the monuments to the public, like in the paleolithic cave of Altamira (Spain), 

that was closed to the public in 2002 due to the deterioration of prehistoric 

paintings caused by photosynthetic bacteria and fungi.11–13,15 

2.1.2. Interaction of microorganisms with heritage objects 

Historic artifacts are constituted by a wide range of materials, from the organic 

paper, leather and textiles used for clothes, books and book binding, to inorganic 

materials like natural stone used for architectural surfaces and sculptures or the 

glass and ceramics used for stained glass windows or glazed tiles. All these 

materials are readily colonised by fungi and bacteria, whether they are exposed 

in outdoor environments or are exhibited in public museums and in private art 

collections.2,6,16 
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The principal materials susceptible of biodeterioration and the microorganisms 

involved are described in the following sections, and summarized in Figure 2. 

 

Figure 2. Summary of the principal microorganisms causing biodeterioration, their specific 

harmful activity and the materials affected. 

2.1.2.1 Organic materials 

Paper: Paper is one of the most susceptible materials to biodeterioration. Its 

organic cellulose composition represents a favoured nutritional source for many 

microorganisms, especially fungi and bacteria. The degree of polymerization of 

cellulose (a linear chain of glucose) determines, along with the presence of pulp 

like lignin and the percentage ratio between the two types of cellulose (crystalline 

or amorphous), the biodegradability of the paper. The enzymatic hydrolysis of 

the glycosidic bonds the cellulose into glucose monomers is carried out by 

microorganisms with cellulolytic activity, where fungi play a major role, due to 

their growth mode and ecology, in comparison to cellulolytic bacteria.17,18 The 

fungal mycelium allows the fungi to rapidly colonise and penetrate the substrate 
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material, while the fungal hyphae move the products of the cellulose degradation 

through the mycelial network (Figure 3E).19 The deteriorating fungi that damage 

paper are usually filamentous fungi, also known as moulds, adapted to colonise 

indoor environments, and can be divided into two main functional groups: i) 

opportunistic fungi (which are not capable of degrading the material 

enzymatically) and the real ‘material pathogens’ (fungi that produce different 

enzymes to degrade the substrate material), like the aforementioned cellulases, 

causing serious the decay of the material.18 These moulds can be easily dispersed 

in the air through conidia and spores, increasing their colonization ability. 

Aspergillus, Trichoderma, Cladosporium, Chrysosporium, Fusarium, Penicillium and 

Alternaria  are some such moulds commonly found contaminating heritage 

paper,18,20,21 and can damage the paper in different ways, affecting the aesthetics 

(causing foxing or discoloration or by the production of coloured pigments 

(melanin) which causes stains) or structural integrity of the object by penetration 

of the hyphae into the cellulose fibrils, or degrading the cellulose by the 

production of organic acids and degrading enzymes, such as cellulases or 

proteases.6,17–19,22  

Wood: Wood is a traditional building material exposed to biodeterioration and 

degradation due to its organic nature, composed by cellulose fibers embedded in 

a matrix of lignin. This biodeterioration lead to disruption of the wood structure, 

which depends on abiotic factors, such as moisture and temperature, but also 

resides on fungal colonisation, whose development can alter the chemical and 

physical properties of wood.23 The different fungal communities have been 

studied and it was observed that environmental fungi represent the first 

colonizers (Figure 3C). They increase and retain moisture of the substrate, 

increasing the bioreceptivity for the subsequent colonisation of wood decay 

fungi, able to digest moist wood. The species coexist with cooperative effect 

between them at the beginning but, subsequently, wood decay fungus replace 

the environmental fungi due to better exploitation of the resources through their 

specific enzymatic battery. The environmental fungi are easily detectable by 

human eyes and only affect the aesthetic appearance of the material, therefore 

traditional clean protocols can be used to remove them. Otherwise, wood decay 

fungi, the principal consequence of the loss of wooden heritage, often emerge 

visually when structural damage is irreversible. Hence, the appearance of 

environmental fungi could serve as an indicator of the need to treat the material 
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to prevent further colonisation by the wood decay fungi. The environmental 

fungi belong to the genera Alternaria sp., Aureobasidium sp., Cladosporium sp., 

Mucor sp., Rhizopus sp. and Epicoccum sp.,24 while many of the most serious 

decay-causing fungi are Ganoderma lucidum, Heterobasidion annosum, Inonotus 

tomentosus, Inonotus dryadeus, Phellinus nigroiimitatus and Phellinus weirii.25 Aside 

from the fungal communities, the wood species is another factor to consider. The 

differences in the microstructure, cell morphology and amount of extractives 

(such as fungistatic biocides) present in the wood species can alter the fungi 

development, making some species more resistant than others. 

Parchment: Before its substitution by paper, parchment was the most used 

writing material utilized, for example, in the making of official and private 

documents. Parchment is made from the skin of animals such as sheep, goats, 

labs or pigs, and is rich in collagen, a natural biopolymer. This organic 

composition, rich of nitrogen present on the collagen, make it easily degradable 

by microorganisms, like filamentous bacteria and proteolytic fungi, being the 

collagenases producing microorganisms especially harmful, since they are able 

to digest the proteins of the parchment through hydrolysis.18,22 In the case of 

proteolytic bacteria, Actinomycetes has been discovered to play a major role in the 

deterioration of parchment based documents, due to the production of many 

types of enzymes, among them, collagenase.26 Parchment is a very robust and 

durable material, ant its degradation is a complex process that involves oxidative 

chemical deterioration of the amino acid chains and the hydrolytic cleavage of 

the peptide backbone. However, this material is very hygroscopic, making it 

highly susceptible to bacteria and moulds colonisation (Figure 3B). It is 

interesting noticing that the degradation of parchment not only varies depending 

on the origin or the part of the animal used, but also depends on the side of the 

parchment. The degradation usually starts in the “flesh” side and, as the 

colonization increases, the “hair” side becomes colonized too.22,27–30 Several fungi 

genera have been isolated and identified from contaminated parchment, among 

them: Aspergillus, Alternaria, Penicillium, Cladosporium, Fusarium and 

Trichoderma.22 

Textile: Among with paper, wood and parchment, textile materials represent an 

important heritage to human history, from the ancient Pre-Columbian and 

Native clothes, tapestries, and carpets, to more modern Olympic winner 

swimsuits and spacesuits. Like other artworks, textiles can also suffer from 
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deterioration and degradation due to their organic composition (i.e., cotton, 

cellulose, wool, silk, linen and synthetic fibres, among others) (Figure 3G). The 

environmental conditions (e.g., the UV of solar radiation, humidity, heat and 

oxygen) can cause alterations such as discoloration, decrease on tensile and tear 

strength and damage to the textile fibres.31,32 Along with the physical and 

chemical damage, this material can also be biodeteriorated by microorganisms 

whose proliferation is favoured under hot and humid conditions. Bacteria and 

fungi can colonize textiles and damage them by the production of enzymes, 

pigments, and acids, but also using the textile components (carbon, nitrogen, 

sulphur and phosphorous) as a nutrient and energy source.33 The composition of 

the textiles affects their susceptibility to biodeterioration, plant-derived fabrics 

host a microbial flora very different from animal-derived fabrics, and synthetic 

fabrics are usually too hydrophobic to allow biodegradation (except for 

polyurethane, which can bind water).34 The presence of light and humidity can 

support the growth of phototrophic bacteria (cyanobacteria), that generate green 

pigments,35 and non-phototrophic bacteria (Bacillus, Corynebacterium, 

Achromobacter, Streptomyces), that generate black, brown, red, orange, and yellow 

pigments along with fungi of different genera such as Penicillium, Aspergillus, and 

Cryptococcus. On the other hand, the microorganism can also cause the opposite 

phenomenon, discoloration, due to the production of enzymes, surfactants and 

organic solvents, which can even lead to the depolymerization of the fabric and 

loss of the strength and elasticity.36 

2.1.2.2. Inorganic materials 

Glass: Recent studies on glass-based historical materials has shown how 

biocolonisation can affect both the aesthetics and the morphology of the glass 

surface, which can suffer from iridescence, etching, cracks, and corrosion pits.16 

Glass is a non-crystalline, amorphous inorganic solid, containing about 70-74 % 

silica by weight, and can be coloured by adding powdered metals to the mixture 

while the glass is still molten. The inorganic composition and the physical 

features of the glass do not promote biofilm growth, but glass can be covered by 

organic residues (such as dust deposits, dead microbial material, and bird 

droppings) that can be a source of nutrients to the colonising microorganisms.37 

Stained glass windows are mainly colonised by fungi and bacteria, while glazed 

tiles are mostly colonised by macroalgae and cyanobacteria. Fungi of the genera 

Aspergillus, Cladosporium and Penicillium were found to be the most common 
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ones, along with the bacteria genera Bacillus, Paenibacillus, and Kocuria bacteria. 

Regarding the phototrophic microorganisms, Chroococcidiopsis and Chlorella were 

the most diverse genera of cyanobacteria and green algae, respectively, identified 

on glazed tiles. These differences in the colonizer microorganisms cause 

differences in the type of biodeterioration, causing serious damage on the glass, 

from the chemical and physical properties to the aesthetic one, since glass can 

lose its transparency (Figure 3H).16 

Metal: Microorganisms can also cause biocorrosion or microbiologically 

influenced corrosion (MIC) on metals through the utilization and release of 

electrons, which can lead to electrochemical corrosion.37–39 The microbial activity 

of biofilms on metallic surfaces can transport electrons via organic molecules and 

may affect the kinetics of cathodic and anodic reactions, modifying the chemistry 

of protective layers.37,38,40 Iron, copper, aluminium and their alloys are some of the 

metals that can be affected by the microorganisms growth and this interaction 

can cause different affections on the metals, such as pitting, crevice formation, 

under-deposit corrosion to stress corrosion cracking.41 The microorganisms 

involved in the biocorrosion are usually aerobic and anaerobic bacteria,42 and 

there has been described that the extracellular polymeric substances (EPS) of the 

biofilm are able to bind metal ions by the interaction between the metal ions and 

anionic functional groups commonly present on the protein and carbohydrate 

components of the EPS, such as carboxyl, phosphate, sulfate, glycerate, pyruvate, 

and succinate groups.38,43. On the other hand, the influence of fungi has been also 

studied, where Aspergillus niger was found to be responsible of metal corrosion 

via the production of oxalic acid, which can cause irregularities and discoloration 

of the objects.41,44 This biodeterioration associated to biocorrosion has been 

described on surfaces of archaeological objects recovered from terrestrial and 

aquatic environments (Figure 3F).45 

Mineral-based building materials: From a biological point of view, mineral-

based building materials, such as stones or bricks, represent an extreme 

environment. They constitute an extreme microniche for microbial growth due 

to the lack of nutrients, the changes of humidity, the mechanical erosion due to 

wind and rain and the high doses of UV radiation.46–48 These factors, along with 

the physico-chemical properties of the mineral-based building materials, such as 

surface roughness, porosity and mineralogical nature, affect the bioreceptivity of 

the material.49 Stone-inhabiting microorganisms, such as bacteria and fungi, may 
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grow as epilithic microorganisms – living on the surface of the stone – and 

endolithic microorganisms – living inside of pores and fissures. Endolithic 

colonisation is an adaptive strategy developed by cyanobacteria, algae, fungi, 

and lichens, where fungi represent the most pertinent endolithic microorganisms 

on building stone, mortar and other building materials due to their aggressive 

physical and chemical interaction with the material.37,50–54 

There are two main groups of fungi isolated from stone monuments, 

hyphomycetes and black meristematic fungi, according to the environmental 

conditions. Hyphomycetes, commonly known as moulds, dominate moderate or 

humid climates. Some of the representative species of hyphomycetes are: 

Alternaria, Aspergillus, Cladosporium, Epicoccum, Fusarium, Penicilliun, 

Aureobasidium and Phoma.47,55 Many hyphomycetes, notably Aspergillus, Fusarium, 

and Penicillium genera, as a result of their metabolic activity ,produce toxic 

metabolites (mycotoxins) and excrete corrosive organic acids (oxalic, citric, acetic, 

formic, gluconic, glyoxylic, fumaric, malic, succinic, and pyruvic) that can act as 

chelators and degrade minerals, particularly the oxalic acid. The increased 

solubility of the material in water and the fungal hyphae penetration into the 

pores cause important structural damage on the mineral-based building 

material.37,51,54. On the other hand, in arid and semi-arid environments the fungal 

community shifts towards black yeasts and microcolonial fungi. Black fungi 

belong to the genera Hortaea, Sarcinomyces, Coniosporium, Capnobotryella, Exophiala 

and Trimmatostroma, have thick pigmented walls and form small black colonies 

on and inside the stone. The pigments produced by these microcolonial fungi 

(such as melanin and carotenoids) not only protect them from UV irradiation, but 

also provides them with extra-mechanical strength, making hyphae able to grow 

better in fissures, making them stress-tolerant colonizers involved in 

biodeterioration.47,50 The black endolithic fungi can cause biopitting, the 

formation of little holes close together in a size range of up to 2 cm in diameter 

and depth on stone (Figure 3D). The stone frequently associated with this kind 

of deterioration is marble (53%), followed by carbonate rocks (44%), granite, and 

concrete (3%). These fungi can be found invading caves and catacombs, being the 

Lascaux cave a representation of the damage these microorganism can do.56 Some 

examples of mineral-based buildings deteriorated by fungi are the Acropolis of 

Athens, marble monuments of the Crimea and the antique temples of Delos51,57, 

but it is important to note that fungi-induced biodeterioration is observed not 
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only on cultural heritage architectures and artefacts, but also on modern 

buildings, museums, storerooms and a variety of other materials.40,58,59 

In extreme environments with high doses of sun irradiation, like the hyper-arid 

Atacama Desert (Chile), the stones are colonized by endolithic algae and 

cyanobacteria, which synthesize pigments (carotenoids and scytonemin, 

respectively) to protect themselves from the UV light.60 Stone cultural heritage 

from the European countries of the Mediterranean Basin also suffer from this 

autotrophic microorganisms’ colonisation and deterioration, mostly by three 

cyanobacteria genus (Gloeocapsa, Phormidium and Chroococcus) and three 

chlorophyta (a taxon of green algae) genus (Chlorella, Stichococcus and 

Chlorococcum). Cyanobacteria and microalgae are usually the first colonisers of 

stone surfaces, where they develop coloured phototrophic biofilms that not only 

affects the aesthetics of the stone, but also cause water retention and damage due 

to the freeze-thaw cycles.37,52 Besides, cyanobacteria is also responsible of the 

biopitting phenomenon, along with fungi, and followed by lichens and algae.61 

Subterranean cultural heritage, as ancient tombs and caves, is also at risk of 

biodeterioration, especially by Actinobacteria, whose predominance in that kind 

of environments has been described worldwide.62–65 These bacteria represent a 

supercompetitive microorganism due to different mechanisms. On the one hand, 

Actinobacteria produce organic acids, cellulolytic enzymes, and form biofilms, 

which lead to the biodeterioration of the material,55,66,67 but the dominance of 

these bacteria among others could be explained by interspecies mutualism that 

help the dispersal of the microorganism,68 and the production of antibiotics.69 

This behaviour has been described in Dahuting Han Dynasty Subterranean Tomb 

in China, which was closed to visitors in the 1990s to avoid unintended human 

impacts such as those reported for Lascaux Cave (Dordogne, France)56 and 

Altamira Cave (Cantabria, Spain).70 In this tomb, the family Pseudonocardiaceae 

(within the phylum Actinobacteria) was found to be the dominant organism due 

to mutualism interaction with arthropods, the production of a powerful mixture 

of cellulases and antimicrobial substances that exclude bacterial competitors. 

Mural paintings: Mural paintings (a painting on a wall or ceiling) may have a 

“double nature”, inorganic and organic. Over the course of history, numerous 

different artistic techniques have been employed, from the water-soluble 

pigments used in the well-known frescos, to the actual oils, tempera, or acrylic 
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colours. Both the inorganic and the organic component are susceptible of 

biodeterioration, particularly by fungi of the genera Penicillium, Cladosporium, 

Alternaria, Curvularia, Drechslera, Chaetomium, Fusarium, Trichoderma, Gliomastix, 

and Aureobasidium. This colonisation can lead into discoloration of pigments, 

formation of stains and biofilms, salt efflorescence, cracking and disintegration 

of paint layers, and even degradation of binders, which can cause the detachment 

of the paint layers (Figure 3A).2,18,54,71 

 

Figure 3. Examples of biodeteriorated materials. A) Picture of the Dahuting Han Dynasty Tomb, 

colonised by white colonies;72 B) Purple stains on parchment caused by halophilic 

microorganisms;22 C) 12th painted century wood ceiling deteriorated by Aspergillus sp.;50 D) 

Marble facade of the Celsus library in Ephesos (Turkey) with biopitting caused by microcolonial 

fungi;50 E) Historical book colonised by Trichoderma sp.;50 F) Ancient cannon of Ioannina (Greece) 

covered by lichen;37 G) Visible damages in the back side of the Coptic tunic of the Egyptian 

Museum of Turin (Italy);32 H) Optical microscopy results of a glass surface, the black arrows 

indicate crystal formation on the surface and the white arrows. show the mycelia growth73 

2.1.3. Consequences and solutions to biodeterioration 

All these colonising microorganisms are a threat to heritage materials, and this 

deterioration of artistic and architectural heritage results in a loss in several ways. 

From the immense financial damage for museums, local authorities, and private 

collectors, to the immeasurable cultural and societal losses. Along with the 

economic issue, the extreme proliferation of microorganisms, especially in closed 

spaces such as museums, poses health risks for employees and visitors.74 Certain 

fungi that are often found colonizing museum spaces, archives and libraries may 

be dangerous to professionals and visitors alike.75–79 Although moulds rarely 

cause serious diseases in healthy individuals, the repeatedly exposure to the 

moulds and the inhalation of their spores can cause immune system issues and 

allergic diseases, develop of asthma, rhinitis, superficial and systemic infections 

(mycoses) and mycotoxicosis.6,20,80 Aspergillus, Penicillium and Stachybotrys genera 
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produce mycotoxins, compounds with mutagenic, teratogenic, carcinogenic, 

dermatotoxic, hepatotoxic, neurotoxic properties, that can be inhaled in form of 

aerosols along with fungal spores.76,77 

Effective climate control, frequent cleaning, and phenomenological monitoring 

can help to reduce the biogenic damage to historical objects, but other factors 

such as inadequate storage conditions, dampness and antimicrobial-resistance 

require the development of new and more active biocides.5 A limited range of 

methods to control biodeterioration is available and, frequently, these method 

are inadequate and don’t display long-term activity.81 The main traditional 

methods used to date and new biocides based on nanoparticles are described in 

the following sections. 

2.2. Traditional methods to prevent and combat biodeterioration 

Biodeterioration has been a recurring problem for the conservation of cultural 

heritage materials for a long time. To minimize the consequences of 

biodeterioration, different methods have been used, from preventive (or indirect) 

methods such as environmental monitoring and control, to a wide variety of 

corrective (or direct) methods (chemical, physical or biological). The principal 

characteristics of the corrective methods are summarised in Table 2. 

Table 2. Traditional corrective methods applied to prevent biodeterioration 

Method Advantages Disadvantages 

Chemical 

(Biocides) 

Wide variety of compounds 

available. 

Cheap and easy to apply. 

Effective against a broad 

range of microorganisms. 

Application in remote areas. 

Cyto and eco-toxicity. 

Limited long-term effect. 

Poor antimicrobial 

selectivity. 

Development of 

antimicrobial resistance. 

Possible modification of 

biofilm structures favouring 

the growth of more harmful 

biodeteriogens. 

Repeated use may damage 

the heritage material. 

Physical 

(Mechanical removal, UV-C 

irradiation, Gamma radiation, 

Laser cleaning) 

Do not require the use of 

toxic compounds. 

Repeated use may damage 

the heritage material. 
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Require specialized staff. 

Costly. 

Not selective against specific 

biodeteriogens. 

Biological 

(Natural biocides: essential oils) 

Safer for human beings and 

the environment. 

Easy to apply. 

Effective against a broad 

range of microorganisms. 

Application in remote areas. 

The extract composition has 

a lot of variability. 

Few products available on 

the market. 

Poor antimicrobial 

selectivity. 

The interference with the 

heritage material has not 

been reported yet. 

 

From here we will focus on the characteristics and limitations of the traditional 

biocides used in heritage conservation (Figure 4). These kinds of chemicals 

usually come from the agricultural and health sector and have not been 

specifically designed for the cultural heritage field, making them present some 

limitations when applied on heritage materials. In general, the biocides used 

have limited long-term effect and are quite toxic for both the professionals 

working with them and the environment. They can also affect the treated 

materials, causing discoloration or change in the chemical and physical 

characteristics.82 More information about specific traditional biocides can be 

found in “Article 1”. 

Biocides have been used for any kind of cultural heritage material both indoors 

and outdoors, and can be organic and inorganic, being the inorganic the ones that 

provide a longer-lasting action, especially in outdoor environments, where the 

organic compounds deteriorate more rapidly. Exposure to outdoor 

environments, coupled with low efficacy in elimination of microorganisms, make 

reapplications of the products necessary to prevent recolonisation. It is also 

important to remark that the use of ineffective products can induce to adaptation 

of the microorganisms, leading to development of antimicrobial resistance.83 

To be applied on heritage materials, the biocidal compounds should meet some 

requirements. Taking into consideration the heritage material itself, the biocide 

applied must be chemically inert, stable, and colourless, to avoid interference 
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with the material, possible interactions with other compounds used in the 

intervention such as consolidants, which may subsequently change the 

appearance of the object. In addition, there are other important aspects to 

consider, such as the reversibility of the application, the resistance of the coating 

to external agents and the compatibility with the substrate, for example, 

maintaining adequate permeability of a stone not obstructing the porosity. 

Moreover, the product should ideally be ecologically acceptable (eco-safe) and 

by extension possess low cytotoxicity to end users.84 

The effectiveness of the treatment applied to prevent biodeterioration will 

depend on the one hand on the characteristics of the product itself and, on the 

other hand, on the material treated. Regarding the product, the stability, the 

method of application, the concentration and the solvent used, the pH of the 

solution are some issues to consider. The type of substrate and its condition, the 

possible interaction with the product applied, along with the climate 

(temperature, light, humidity) are also important factors to study to maximize 

the efficacy of the treatment.85 

Some commercially available products commonly used to prevent microbial 

colonization in heritage material are based on isothiazolones (Biotin R, Biotin T) 

and quaternary ammonium compounds (Preventol RI80), that have been used 

against lichens, fungi, bacteria, algae and cyanobacteria.86–89 Quaternary 

ammonium salts and formaldehyde are other chemical agents that have been 

used over the last century to disinfect objects, however these compounds also 

pose a risk to human health due to their high cytotoxicity.90 Ethylene oxide was 

used for fumigation, against insects and fungi, but it has been banned in several 

countries due to carcinogenic and mutagenic features.91 Hydrogen peroxide has 

displayed comparable activity when vaporized in cardboard at the Auschwitz–

Birkenau State Museum in Oświęcim, Poland.92 Ethanol, a universally 

acknowledged disinfectant, antiseptic, and preservative, has been used as an 

antifungal treatment for paper, being able to inhibit complete the germination of 

the spores at a concentration of 70%. Although under appropriate conditions can 

form complexes with the cellulose and remain stable for long periods, these 

complexes are not stable in humid conditions, where the moist in the air can 

displace the ethanol.93,94 
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It is also worth mentioning essential oils, natural biocides that present relevant 

antibacterial activity, and are being used in other areas, e.g., active food 

packaging, air-purification, etc. Essential oils are composed of a variety of volatile 

compounds that come from plant extracts, and, in principle, are safe to humans 

and the environment. However, few products based on essential oils are 

available on the market, and more studies applied to the heritage field are 

needed; particularly since material-essential oil interactions have not been 

studied in detail.95,96 

Despite the wide range of available products, the lack of long-term effects, the 

need of reapplication (which can lead into antimicrobial resistance), along with 

the toxic effects associated with these biocides, make it necessary to continue the 

search for new compounds and materials with improved antimicrobial 

properties with more selectivity towards specific microorganisms and less 

adverse effects, for both the heritage substrate material, the professionals and the 

environment.97,98 

In the last decade, nanomaterials have gained importance in the field of cultural 

heritage conservation, being used to protect stone monuments, textiles, murals, 

glass, and paper. Although silver and titanium nanoparticles are the most 

studied, a variety of multifunctional nanomaterials, such as magnesium oxide 

nanoparticles and polyoxometalate ionic-liquids, that have been shown to serve 

as alternative solutions to heritage biodeterioration issues.99–101
 

2.3. New biocidal compounds based on nanoparticles 

Nanoparticles (NPs), defined by the IUPAC as "a particle of any shape with 

dimensions in the 1 and 100 nm (1 × 10-9 and 1 × 10-7 m) range", although generally 

considered an invention of modern science, have a very long history. They were 

used by glassmaker and potter artisans since long time ago, albeit without 

knowledge of their nature, for generating a glittering effect. The best-known 

examples are the Roman Lycurgus cup, of dichroic glass, from the fourth century, 

and the lusterware pottery made in Mesopotamia in the ninth century, 

characterized by silver and copper nanoparticles dispersed in the glassy 

glaze.102,103 

Silver and copper, along with zinc oxide, are also known for their antimicrobial 

properties since time immemorial. Egyptians used copper or silver containers to 

make drinkable water, and, in the Wild West, silver coins were used to preserve 
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the freshness of milk and to prevent algae and bacteria from contaminating the 

water. It is also known that the ZnO was used as far back as 2000 BC as a 

treatment for boils and injuries.97 

Reducing the size of these materials to the nanoscale brings with it a change in 

the physicochemical properties of the material. The surface-to-volume ratio 

increases, affecting the surface and interphase properties, and these reduction in 

size also facilitated the interaction with cellular components such as proteins or 

DNA, which can therefore lead to improved antimicrobial properties.104,105 

Nanomaterials (materials in which at least one dimension is in the 1 and 100 nm 

range) have been thoroughly investigated as antimicrobials in different areas, 

such as water disinfection, food packaging and healthcare and, during the last 

decade, they have gained attention as antimicrobial coatings and treatments 

(deacidification, consolidations and cleaning) for heritage conservation.106 

2.3.1. Desired characteristics of the NPs 

However, for being considered as a potential candidate for application in the 

heritage field, a nanomaterial should possess some characteristics (Figure 4). In 

first instance, it should present high and long-lasting antimicrobial activity, to 

avoid microbial contamination over time, but, on the other hand, should be safe, 

displaying low cytotoxicity and ecotoxicity.107 Besides, the treatment with NPs 

should not affect the aesthetic appearance of the heritage object (colour, 

brightness or texture) and any intervention should be removable, according to 

the guidelines of conservation.108 Also, to be commercially viable, the synthesis 

processes must be as simple and reproducible as possible, and the price of raw 

materials should be low. In fact, the most studied NPs in the heritage 

conservation field are those ones easily commercially available (TiO2, Ag and 

ZnO NPs),109,110 and wet-chemistry methods (sol-gel, soft-chemistry and 

autoclave processes) have been the most utilized synthesis methods to produce 

the NPs, because of the simplicity and low cost of these synthesis.111,112 The most 

common synthesis methods used in the heritage field are described with more 

detail in “Article 1”. 
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Figure 4. Summary of the limitations of the traditional biocides and the characteristics the 

nanoparticles should possess to become a competitive candidate in the heritage field. 

Only by fulfilling these characteristics we will be able to develop a competitive 

market-ready nanomaterial to prevent the biodeterioration and protect our 

shared cultural heritage. This presents a challenge for the development of novel 

biocides based on nanomaterials, furthermore since the long-term effects are still 

under study due to the short time they have been used. In order to enlarge the 

characteristics and limitations the nanomaterials present, the most common NPs 

used to prevent biodeterioration are described in the next section. 

2.3.2. Most used NPs in heritage 

As mentioned above, titanium dioxide (TiO2), silver (Ag), and zinc oxide (ZnO) 

nanoparticles are, in this order, the most recurrently applied nanomaterials to 

prevent or treat microbial colonization of heritage substrate materials. Other 

frequently reported nanomaterials are based on silicon dioxide (SiO2), copper 

(Cu), magnesium oxide (MgO) and zinc-derivates. Other nanomaterials that have 

gained interest recently in heritage conservation are the polyoxometalate-ionic 

liquids (POM-ILs). These compounds (inorganic metal-oxo anionic clusters 

combined with a bulky organic cation) can be highly tailorable, obtaining 

different antimicrobial properties. 

These nanomaterials have been applied over a range of cultural heritage items 

and architectures, which include organic substrates (parchment, wool, silk, 

paper, wood, and cotton) and those obtained from inorganic resources (stone, 
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glass, and plaster). The principal characteristics and limitations of these NPs are 

described in Table 3. For a broader description the characteristics of each 

nanoparticle consult the “Article 1”. The nanomaterials studied during the thesis 

(MgO and POM-ILs) are described in more detail below. 

Table 3. Principal characteristics and limitations of the NPs 

Type of NP Characteristics Limitations 

TiO2 NPs 

The most utilized NPs 

Inexpensive 

Chemically stable 

Photoactivity (release of ROS upon 

exposure to UV light) 

Bacteriostatic effect (not strong 

enough to perform biocidal 

action) 

Little or no antimicrobial 

activity in the absence of light 

Ag NPs 

Broad-spectrum antimicrobial 

ROS production 

Interfere with nutrient transport 

Disrupts metabolic processes 

Release Ag+ ions (which impede 

DNA replications and inhibit 

enzymes) 

Strong colour variation 

The aggregation increases the 

colour change 

More active against vegetative 

cells than for spores 

ZnO NPs 

Photoactivity (release of ROS upon 

exposure to UV light) 

Active under dark conditions due to 

the release of Zn+ and internalization 

of ZnO NPs 

Activity increased under UV light 

Self-cleaning properties 

UV-light protection 

Hormetic behaviour (low 

doses accelerate sporulation, 

induce earlier production of 

secondary metabolites and 

change the appearance of the 

biofilm) 

SiO2 NPs 

Hybridized with other NPs (TiO2, 

ZnO or Ag NPs) display 

consolidating and hydrophobic 

properties. 

Need to be used in 

combination with other NPs to 

have relevant antimicrobial 

activity. 

Cu and CuO NPs 

Formation of ROS 

Highly effective when applied 

together with consolidants 

Underexploited in heritage 

conservation 

Rapid oxidation 

Possible nanotoxicity 

Strong colour variation 
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2.3.3. Magnesium oxide nanoparticles (MgO NPs) 

Magnesium oxide nanoparticles (MgO NPs) have received significant attention 

as antibacterial agents in recent years due to their high stability and low cost 

based on their preparation from economical precursors.113,114 Although the exact 

mechanism of action is still unknown, the antimicrobial activity has been 

attributed to the formation of reactive oxygen species (ROS), which induce 

oxidative stress and lipid peroxidation in bacteria,115 as well as non-ROS 

mediated bacterial toxicity mechanisms, like interaction with the cell wall or the 

cell membrane of the microorganisms, or an alkaline effect due to the increase of 

the pH.113,115–117 This antimicrobial activity is species- and genus-dependent, and 

the size of the nanoparticles plays a major role, since the smaller the particle, the 

larger the surface area and the easier interaction with the microorganisms cell 

wall and membrane. 

Although MgO NPs are generally regarded as safe and present low 

cytotoxicity,118 they have been shown to display toxicity on early and larval stages 

of zebrafish.119 Despite their possible toxic effects, that are highly dependent on 

the physicochemical properties of each individual nanoparticle as well as on the 

types of cells tested,120 they have been used in diverse areas. The MgO NPs have 

been used, for example, as an additive in heavy fuel-oil,121 for the cleaning of fuel-

oil pipelines, and also as a mineral supplement source for magnesium122 or for 

the relief of cardiovascular disease and stomach problems and as anti-cancer 

therapy.123 Regarding the heritage field, they have been used in restoration 

processes, such as in the deacidification of paper or canvases.124,125 They can be 

mixed with other nanomaterials that will act as supports (such as hydroxyethyl 

cellulose (HEC) or hydroxypropyl cellulose (Klucel E)), or they can be dopped to 

improve the catalytic and antifungal properties (e.g. Zn doped MgO NPs), to 

prepare protective and antimicrobial coatings for heritage paper and stones.106,126 

2.3.4. Polyoxometalate-ionic liquids (POM-ILs) 

Polyoxometalate-ionic liquids (POM-ILs) have recently gained attention as 

antimicrobials in heritage conservation due to the tailorable antimicrobial 

properties offered by the structural and compositional versatility of these 

materials. They are constituted by a polyoxometalate (POM), a nanoscale 

molecular metal-oxide anion, and bulky organic cations, typically 

alkylammonium or phosphonium cations, which provide the ionic liquid 
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characteristics. Importantly, both the POM anion and the organic cation can be 

independently tuned, offering access to a multifunctional materials library.97 

Polyoxometalates (POMs) are defined as inorganic metal-oxo anionic clusters of 

the generic formula [MxOy]n- with multiple (≥2) high-valent transition metals in 

their highest oxidation state. The first polyoxometalate was reported in 1826, a 

phosphomolybdate [PMo12O40]3- with Keggin structure ([XM12O40]n-), obtained by 

treating ammonium molybdate (NH4)2MoO4 with an excess of phosphoric acid.127 

This POM self-assembles in acidic aqueous solution (e.g. between pH 5-6 for 

silicotungstates) and forms a very stable structure.128 POMs exhibit an enormous 

assortment of physicochemical properties, like ionic conductivity,129 

electrochromism and photochromism,130 magnetism,131 superacidity,132 and 

luminescence.133 Besides, their redox properties and high oxidation activity make 

them useful to a wide variety of applications, from industrial applications such 

as catalysis,134,135 removal of multiple pollutants from drinking water,136 energy-

storage systems,137 acid-corrosion protection of metal discs138 or natural 

limestones,99 to molecular medicine,139 and drug-delivery.140 In this thesis it has 

been used the lacunary POM [α-SiW11O39]8-, a Keggin POM cluster with a vacant 

site, combined with tetraalkylammonium or alkylguanidinium cations to obtain 

different polyoxometalate-ionic liquids (Figure 5A).127 

 

Figure 5. A) Illustration of the lacunary Keggin POM [α-SiW11O39]8- and the cations used as 

components for POM-ILs 1, POM-IL 2 and POM-IL DOTMG-1. B) Acid-vapour corrosion 

protection of POM-IL-coated stone samples, studied by exposing the samples to acetic acid 

vapour for 72 h. RO: Romery stone; BB: Belgian Bluestone; DO: Dom stone. Both POM-ILs display 

high protection against acid corrosion, especially for the most porous stone DO.99 C) 

Environmental Scanning Electron Microscopy (ESEM) images of E. coli incubated over a BB stone 

coated with POM-IL 1 and 2, (and over a non-coated sample as a reference sample). While bacteria 

incubated over the non-treated BB stone present a normal and healthy morphology, the coatings 
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have affected E. coli growth. Bacteria over POM-IL 1 coated stone has released its intracellular 

content, and bacteria incubated over the sample coated with POM-IL 2 seem to be generating 

exopolysaccharides and creating an extracellular matrix.99 

Ionic liquids (ILs) are salts with a melting point below 100 °C and are in liquid or 

wax state at room temperature.141 The interest in ILs has increased in the recent 

years due to their application in catalysis142 and biocatalysis,143 electrochemical 

devices,144 or engineering fluids.127,145 Recently, ionic-liquids have attracted 

widespread interest also as antimicrobial agents (e.g. overcoming challenges 

related to acquired antibiotic resistance)146 and POM-ILs, specifically, have 

gained relevance in cultural heritage conservation as bioactive surface coatings. 

The anticorrosive properties and hydrophobicity, along with the high 

antimicrobial activity displayed by the POM-ILs make them highly suitable 

candidates for cultural heritage conservation (Figure 5B and 5C). Furthermore, 

modulating the chemical composition of the anion and the cation there can be 

obtained broad-spectrum antimicrobials, with enough antimicrobial activity to 

be applied as an invisible coating which will not alter the aesthetics of the 

material. The antimicrobial activity of the POMs is generally suggested to arise 

from interactions with amino acids of proteins and production of reactive oxygen 

species (ROS), affecting the viability of the microbial cell.147 Once combined with 

the cation to form the POM-IL, the antimicrobial activity of the compound 

increases due to the interaction of the aliphatic chain with the lipid membranes 

of the cells. The Keggin-type POM [α-SiW11O39]8-, combined with 

tetraalkylammonium cations, has displayed antimicrobial activity against 

important human pathogens such as E. coli, P. aeruginosa, and especially against 

the Gram positive S. aureus.148 Moreover, these POM-ILs have been tested as 

coatings on mineral stone surfaces, providing not only antimicrobial and 

antibiofilm effect on natural limestone samples (Figure 5C),14,99 but also acting as 

a disinfectant agent to eliminate mould colonisation over brick surfaces.149 

While such materials may be quite promising, their application and associated 

nanotoxicological profile is a major concern. One of the great challenges of 

nanotechnology is the environmental safety implications of the nanomaterials, 

which widespread use lead into inevitably release to the terrestrial, aquatic and 

atmospheric environments, where their toxicity, behaviour and ultimate fate are 

largely unknown.150 
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2.4. Coatings: application methods and characterization 

Choosing the most appropriate mode of application is a crucial step to guarantee 

the success of the protective coating. For nanomaterials, the first thing to consider 

is the solvent where the NPs will be diluted, which is usually a polar protic 

solvent like water or ethanol that quickly evaporates.106,151,152 To improve the 

longevity of the antimicrobial coating, the NPs can be combinate with 

commercial varnished and consolidants. Once the NPs solution is prepared, it 

can be applied by different methods (brushing,126 spraying,153 immersion,154 drop-

casting,155,156 spreading with a spatula,157 misting,158 capillary absorption159 or 

spin-coating160) that should ensure a homogeneous coating.97 

Prior to the coating characterization, the nanomaterial should be characterized 

itself: the nanoparticles size and shape, the crystallinity and purity, and elemental 

composition and distribution. To study that there are several analytical 

techniques. The size and morphology of the NPs are most often studied by 

electron microscopy (scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM)),126,161 while the NP size distribution in solution can 

be analysed by dynamic light scattering.157,162 The reliability of this technique, 

however, is limited to particles with spherical shape. The crystallinity of the NPs, 

defects, and doping can be studied by TEM and X-ray diffraction (XRD).126,163 

The NPs coating over the heritage sample can be characterized also by SEM, and 

by energy-dispersive X-ray spectroscopy (EDX) and electron energy loss 

spectroscopy (EELS) (techniques present in most electron microscopes) which 

will provide insights about the elemental composition of the coating and the 

substrate.161,164 To quantify with more detail the amount of NPs there are several 

techniques that can be used: X-ray photoelectron spectroscopy (XPS), elemental 

analysis, or inductively coupled plasma (ICP) spectroscopy or spectrometry. 

The homogeneity of the coating and the presence of microorganisms can also be 

studied by SEM. Moreover, environmental scanning electron microscopy 

(ESEM), a technique that operates under a controlled gaseous atmosphere 

instead of vacuum and allows the imaging of wet samples, allow the 

visualization of samples with high sensitivity to vacuum or that cannot be coated 

with a conductive layer. Thus, we are able to visualize the microorganisms under 

conditions similar to their natural state.101,106 
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Optical microscopy can be combined with cell staining to study the efficiency of 

the coatings. For example, Live/Dead viability assays are designed to dye alive 

and dead cells in green and red, respectively, which allow the study of the 

antimicrobial properties on the surface using a epifluorescence microscope.97 

The colour variation is a very useful method in the heritage field since it allows 

to determine if a coating is changing the aesthetic appearance of the material, and 

do not require expensive equipment or high specialized staff. The colour of the 

surface that is going to be treated is characterized before and after the 

nanomaterial application by spectrophotometric techniques, and the chromatic 

change (∆E*) is calculated in the CIE 1976 L* a* b* color space. In general, 

chromatic change below three (∆E* ≤ 3) is the desirable value, but usually values 

below five (∆E* ≤ 5) are accepted, since it is limit value when the colour change 

becomes visible to the naked eye.165,166 This technique can be also used to study 

the microbial colonization over a surface, due to the colour change made by the 

microorganisms growth.14 The percentage of the surface on a heritage item 

colonized by microorganisms can be also determined by digital image analysis, 

a simple and low-cost tool with which the colour variation originated as a 

consequence of microbial growth can be studied.162,167 

It is also important to take into consideration the use of large scientific facilities, 

like Neutron168 and Synchrotron X-Ray Tomography169,170, which can provide 

high resolution images of the coating and substrates, yielding valuable 

information about the porosity and morphology of samples.171 More focused on 

the heritage field, the European Union recently created E-RISH, the European 

Research Infrastructure for Heritage Science. The E-RISH supports research on 

heritage characterization and preservation by delivering integrated access to 

expertise, large-scale and medium-scale instrumentation, portable technologies, 

and data science. This organisation offers a competitive advantage since it 

exploits the synergy of the cooperation among the academy, research centres, 

museums, and cultural institutions, making it highly attractive especially to 

small research groups.172 
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Article 1: Perspectives for antimicrobial nanomaterials in cultural heritage 

conservation
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3. Objectives and Structure 

The principal objective of this doctoral thesis was to study the synthesis and 

application of magnesium oxide nanoparticles (MgO NPs) and polyoxometalate-

ionic liquids (POM-ILs) as antimicrobial coatings to prevent biodeterioration of 

heritage paper, natural stone and brick. The specific objectives have been the 

following: 

1. Synthesise MgO NPs of average diameter 12 nm and study their 

antimicrobial activity against two model bacterial strains (E. coli and B. 

subtilis) and three fungi (A. niger, C. cladosporioides and T. reesei). 

 

2. Study the application of MgO NPs on a variety of 18th century papers from 

the Archives of the Real Jardín Botánico in Madrid (Spain) and evaluated 

their ability to prevent microbial colonisation of the paper material. 

 

3. Study the effect of the MgO NPs to prevent the degradation of the paper 

by inhibiting the cellulase activity of A. niger and T. reesei. 

 

4. Synthesise three POM-ILs based on the monolacunary Keggin-type 

polyoxometalate ([α-SiW11O39]8-) combined with three different cations 

(tetraheptylammonium to obtain POM-IL 1, trihexyl tetradecyl 

ammonium to obtain POM-IL 2 and N, N, N’, N’-tetramethyl-N’’, N’’-

dioctylguanidinum to obtain POM-IL DOTMG-1) and study their 

antimicrobial activity against different microorganisms. 

 

5. Use POM-IL 1 and 2 as antimicrobial coatings to limit the growth of 

lampenflora on chalk stone and compare the results with the commercial 

biocide Preventol RI80. 

 

6. Assess the antifungal activity of POM-ILs as disinfectant agents to 

eradicate mould contamination inhabiting historical bricks. 

These goals have been achieved in the articles used as compendium in this thesis. 

The thesis has been structured in three blocks, based on the six articles, as shown 

below in the Thesis Structure Diagram (Figure 6). The first block includes an 

overview of the principal and most effective nanomaterial types commonly used 
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in heritage to prevent biodeterioration, and an analysis of the most appropriate 

biochemical techniques that can be used to accurately evaluate their 

antimicrobial properties (published in Article 1). This first article, which 

constitutes a review article, is included in the Introduction of the thesis. The 

second block refers to the use of MgO NPs to prevent paper colonisation and 

degradation by microorganisms (Articles 2 and 3). Article 2 probes the 

antibacterial activity of the MgO NPs against E. coli and B. subtilis, and Article 3 

reports how the antifungal and anticellulase activity of MgO NPs can be used to 

prevent paper degradation. The third block explores the use of POM-ILs as 

protective coatings to prevent colonisation of mineral-based building materials. 

The antimicrobial activity of POM-IL DOTMG-1 is reported in Article 4, where a 

comprehensive characterisation of the biocidal properties is carried out. The 

effectiveness of POM-IL 1 and 2 as antimicrobial coatings to limit the growth of 

lampenflora on chalks stones is reported in Article 5. Finally, in Article 6 we 

studied the use of POM-ILs as disinfectants to eradicate mould contamination on 

historical bricks. 
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Figure 6. Thesis Structure Diagram. Schematic summary of the organisation of the thesis in three 

blocks: the biodeterioration problem, the use of MgO NPs to prevent paper colonisation and 

degradation, and the use of POM-ILs to protect mineral-based building materials. 
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4. Methodology 

4.1. Nanoparticle synthesis 

4.1.1. Magnesium oxide nanoparticles (MgO NPs)  

MgO nanoparticles were synthesized by sol-gel method through a modification 

of protocols already reported in literature.173 Briefly, 3.6 mL of magnesium 

methoxide, Mg(OCH3)2, (2.4 mmol) were added to 20 mL of absolute ethanol 

under ultrasonication and subsequently 0.9 mL of water (50 mmol) were added 

to the mixture. The sol was left in the ultrasonic bath for 30 min. The mixture was 

then kept under gentle stirring for 36 h to facilitate gelation. The water/ethanol 

gel suspension was heated and stirred in an oil bath and underwent a progressive 

increase of the temperature from 70 to 90 °C over a period of 5 h. Then a fine 

magnesium dihydroxide powder was obtained by evaporating the solvent and 

finally this Mg(OH)2 powder was completely oxidised to MgO by heating at 600 

°C for 30 minutes. Yield = 87 mg (dry particles). 

4.1.2. Polyoxometalate (POM) and polyoxometalate-ionic liquid (POM-IL) 

syntheses 

4.1.2.1. K8[α-SiW11O39] × 13H2O 

The synthesis is a modification of the literature procedure.174 Sodium metasilicate 

(0.50 g, 4.09 mmol) was dissolved at room temperature in 10 mL of distilled water 

and filtered (solution A). In a 100 mL beaker, sodium tungstate (8.26 g, 25.18 

mmol) was dissolved in 3 mL of boiling distilled water (solution B). To the boiling 

solution B, an aqueous solution of HCl 4 mol L-1 (8.25 mL) was added dropwise 

over 5 min with vigorous stirring in order to dissolve the local precipitate of 

tungstic acid. Solution A was added, quickly followed by addition of 2.50 mL of 

4 mol L-1 aqueous hydrochloric acid). The solution was kept boiling for 1 h. After 

cooling to room temperature, the solution was filtered. KCl (6.80 g, 91.2 mmol) 

was added to the stirred solution. The resulting white precipitate was collected 

on a sintered glass funnel (medium porosity), washed with two 20 mL portions 

of an aqueous KCl solution (1.0 M), then washed with 50 mL of cold water, and 

finally dried in air (yield: 5.10 g, 1.58 mmol, 69.7 % based on Si). FT-IR (cm-1): 3420 

(b), 2364 (w), 2037 (m), 1624 (m), 995 (s), 917 (s), 888 (vs), 793 (vs), 512 (s), 480 (s). 

ICP-AES (calculated values within brackets): Si 0.86 (0.87), W 64.31 (62.78). 
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4.1.2.2. Polyoxometalate-ionic liquids (POM-IL 1, POM-IL 2 and DOTMG-1) 

The K8[α-SiW11O39] POM was used to synthesize three different POM-ILs, by 

combining it with three different cations to obtain POM-IL 1, POM-IL 2 and 

POM-IL DOTMG-1. 

For the synthesis of the three POM-ILs an established cation metathesis route 

136,138,148 was used to combine the acid-stable polytungstate anion [α-SiW11O39]8- 175 

with two antimicrobial quaternary alkylammonium cations,176 tetraheptyl 

ammonium (THA) ((n-C7H15)4N+) and trihexyl tetradecyl ammonium (THTDA) 

((n-C6H13)3(C14H29)N+), to give the respective POM-ILs 1 and 2, and one 

quaternary alkylguanidinium cation (N, N, N’, N’-tetramethyl-N’’, N’’-

dioctylguanidinum, (C21H46N3)Br) to give POM-IL DOTMG-1.138,177 

In a beaker, 1.00 equivalent of the POM K8[α-SiW11O39] × 13H2O (2.5 g, 0.776 

mmol) was dissolved in water (50 mL) and heated at 50 °C until complete 

dissolution. In another beaker, dissolve 8.00 equivalents of the cation (6.21 mmol: 

THA-Br (3.047 g), THTDA-Br (3.84 g) or DOTMG-Br (2.66 g)) in 80 mL of toluene 

for cations THA and THDTA and 80 mL of dichloromethane for cation DOTMG. 

To ensure high yield of the reaction, the cation was added in excess. Then the 

cation solution was solution was slowly added to the POM solution and the 

mixture was stirred for 30 minutes at 50 °C. The mixture was then cooled at room 

temperature and transferred to a separation funnel and once the two phases were 

clearly separated, the organic phase—including the POM-IL—was extracted into 

a round bottom flask. The organic solvent was removed in a rotatory evaporator, 

and the product was isolated in the form of viscous liquid at room temperature. 

The composition and purity of the compounds was verified by elemental 

analyses and FT-IR spectroscopy. Note that the three compounds are room 

temperature ILs, they are insoluble in water but show high solubility in a wide 

range of polar and unipolar organic solvents. 

4.2. Microorganisms and growth conditions 

A variety of microorganisms were used throughout this doctoral thesis, 

including: 

Four bacterial strains, Escherichia coli DH5α and VTEC (verotoxigenic E. coli) as 

Gram-negative models, Bacillus subtilis 1904-E and Listeria monocytogenes as 

Gram-positive models. Bacteria suspensions were stored in the appropriate 
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culture media + 15 % glycerol at -80 °C and were thawed and subculture once 

prior to use. Before each assay, the bacterial suspension was subcultured in the 

appropriate liquid culture media and incubated for 24 hours. 

Four moulds from the Colección Española de Cultivos Tipo (CECT) Aspergillus 

niger CECT 2088, Cladosporium cladosporioides CECT 2111, Aspergillus ochraceus 

CECT 2093 and Penicillium expansum CECT 2275 and the mould Trichoderma reesei 

RUT C-30, that was kindly provided by the CICS-UBI – Health Sciences Research 

Centre, University of Beira Interior, Portugal. Fungal spore suspensions were 

stored in 0.1% Tween 80, 20% glycerol at -80 °C prior to use. Before each assay, 

fungal cells were inoculated in the appropriate solid culture media and incubated 

for 4 days. 

All bacterial and fungal growth conditions are summarised in Table 4. 

Table 4. Microorganisms and growth conditions 

Microorganism 
Solid 

media 

Liquid 

media 

Incubation 

Temperature 

Inoculum 

incubation 

Bacteria     

E. coli DH5α TSA LB 37 °C 24 hours 

VTEC MHA LB 37 °C 24 hours 

B. subtilis TSA NB 37 °C 24 hours 

L. monocytogenes BHIA NB 37 °C 24 hours 

Fungi     

A. niger SDA RPMI 35 °C 4 days 

T. reesei SDA RPMI 35 °C 4 days 

C. cladosporioides SDA RPMI 25 °C 4 days 

P. expansum PDA YMB 25 °C 4 days 

A. ochraceus YMA MEP 25 °C 4 days 
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4.3. Antimicrobial susceptibility testing 

4.3.1. Microbial proliferation in presence of the antimicrobial compound 

Bacterial and fungal growth was recorded measuring the optical density (OD) of 

the samples at 620 nm after 24 hours of incubation for the bacteria and after 48 

hours for the fungi using a microplate reader (Thermo Scientific MULTISKAN 

GO). Results were compared with the OD variation of a positive control culture 

containing only bacteria or fungi and a negative control containing the 

compound in culture media. A negative control containing only culture medium 

was also added to verify the sterility of the medium. The modal value was chosen 

as the Minimal Inhibitory Concentration (MIC). 

4.3.1.1. Antimicrobial activity of water-compatible compounds (MgO NPs) 

Against bacteria. The antimicrobial activity of the MgO NPs was tested against 

two bacterial strains, Escherichia coli DH5-alpha (Gram-negative) and Bacillus 

subtilis 1904-E (Gram-positive). To determine the minimum inhibitory 

concentration (MIC) an inoculum of 1x107 CFU/mL obtained from an overnight 

culture was prepared (in the corresponding culture media two times 

concentrated) and added to a 96 well plate (100 µL on each well). The MgO NPs 

were dispersed at different concentrations [0.2, 0.5, 1, 1.5, 2 and 3 mg/mL] in the 

corresponding medium for 30 min under ultrasonication. Then 100 µL of the 

MgO NPs dispersion was added to each well and the bacterial growth was 

recorded by measuring the optical density (OD) of the samples at 620 nm over a 

period of 24 h. Results were compared with the OD variation of a control culture 

containing E. coli or B. subtilis without any NPs. 

Against moulds. The antimicrobial activity of the MgO NPs was tested against 

three moulds, A. niger, C. cladosporioides and T. reesei and the minimum inhibitory 

concentration (MIC) was determined using a broth microdilution method 

according to the EUCAST guidelines.178 The aerial part of the fungi was picked 

and re-suspended in distilled sterile water with 0.1% Tween to obtain a 

suspension of 106 conidia/mL, which was then diluted to 105 conidia/mL in 

distilled sterile water and added to a 96 well plate to a final concentration of 5x104 

conidia/mL. Geometric two-fold dilutions of MgO NPs [0.09375, 0.1875, 0.375, 

0.75, 1.5, 3, 6, 12 mg/mL] were made by dispersing them in RPMI and sonicated 

for 30 minutes before adding them to the 96 well-plate. Positive control contained 

only fungal inocula and culture media while the negative control contained only 
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MgO NPs dispersed in culture medium. After an incubation period of 48 h, at 35 

°C for A. niger and T. reesei and at 25 °C for C. cladosporioides, according to CECT 

recommendations, the MIC values were determined as the lowest MgO 

concentration able to inhibit fungal growth detectable to the naked eye. 

4.3.1.2. Organic-soluble compounds (POM-ILs) 

Against bacteria. The minimum inhibitory concentration (MIC) of the POM-ILs 

was determined against four bacterial strains (E. coli DH5α, VTEC, B. subtilis and 

L. monocytogenes). An inoculum of 107 CFU/mL was prepared in the appropriate 

liquid media and 100 μL were added to a 96-well plate containing 98 μL of the 

appropriate liquid media and 2 μL of the POM-IL dissolved in DMSO (prepared 

100 concentrated to obtain a final concentration of: 500, 250, 125, 62.5, 31.25, 15.62, 

7.81, 3.91, 1.95 and 0.98 μg/mL). Positive controls contained bacteria and liquid 

media while the negative controls contained only 2 μL of the POM-IL dissolved 

in DMSO in culture media. The bacterial growth curves were recorded over a 24 

h period by measuring the optical density (OD) of the samples at 620 nm. Results 

were compared with the OD variation of a control culture containing bacteria 

without POM-IL. 

Against moulds. The determination of the minimum inhibitory concentration 

(MIC) of the POM-ILs against the four fungal strains (A. niger, A. ochraceus, C. 

cladosporioides and P. expansum) was performed using a broth microdilution 

method according to the European Committee on Antimicrobial Susceptibility 

Testing guidelines.178 The aerial part of the fungi was recovered with a swab and 

re-suspended in distilled sterile water with 0.1% Tween to obtain a suspension 

of 106 conidia/mL. This suspension was then diluted to 105 conidia/mL in distilled 

sterile water. To determine the MIC, the POM-IL was dissolved in DMSO 100 

times concentrated and then 2 μL of each solution was added to each well of a 

96-well plate, containing 98 μL of culture media and 100 μL of the 105 conidia/mL 

suspension, to obtain the desired concentrations of the compound (2000, 1000, 

500, 250, 125, 62.5, 31.25, 15.625 μg/mL). Positive control contained only fungal 

spores and culture media while the negative control contained only DOTMG-1 

dissolved in culture media. After an incubation period of 48 h, at 35 °C for A. 

niger and at 25 °C for A. ochraceus, C. cladosporioides, and P. expansum, according 

to CECT recommendations, the minimum inhibitory concentration (MIC) values 

were determined as the lowest POM-IL concentration able to inhibit fungal 

growth visible to the naked eye. The results were confirmed by measuring the 



Methodology 

86 

optical density (OD) of the samples at 620 nm and comparing with the OD of the 

positive control. 

4.3.2. Cell viability assays 

4.3.2.1. Viability assay for prokaryotic cells (bacteria) 

Cell viability was analysed using a Resazurin (7-Hydroxy-3H-phenoxazin-3-one 

10-oxide) assay in a 96-well plate. A bacterial inoculum (1x107 CFU/mL) was 

incubated with different concentrations of the compound as in the “4.3.1. 

Microbial proliferation in presence of the antimicrobial compound” section and 

after 24 h of incubation 30 μL of 0.1 mg/mL Resazurin prepared in the 

appropriate culture media were added to each well. The plate was then incubated 

at 37 °C for 1 h under stirring and the viability of the bacteria was determined by 

the Resazurin colour change. The blue Resazurin compound reduces to pink 

resofurin in presence of metabolically active cells, being an indicator of cell 

viability. Therefore, pink wells indicate presence of viably bacteria, while blue 

wells indicate a loss of metabolic activity, which is one of the first cascade events 

in the mechanism of cell death. The bacteria viability was also confirmed by 

subculturing 10 μL of each well on solid media. After incubating the plates for 24 

h at 37 °C, the MBC values obtained with Resazurin were compared with the lack 

of colonies on the solid media. 

4.3.2.2. Viability assay for eukaryotic cells (moulds) 

The MIC values obtained in Section 4.3.1. were further confirmed by measuring 

the OD620 and fungal metabolic activity using XTT and menadione. The 

colorimetric assay based on XTT was carried out by adding 50 µL of saline 

containing 1 mg of XTT/mL and 20.2 µg of menadione/mL (previously dissolved 

in acetone at a concentration of 430 µg/mL and then diluted 1/10 in saline) was 

added to each well to obtain a final concentration of 200 µg of XTT/mL and 4.3 

µg of menadione/mL (25 µM). Following an incubation period of 2 h in the dark 

to allow conversion of the XTT to its formazan derivative, the absorbance at 450 

nm was measured. 
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4.3.3. Cell morphology damage study by microscopy 

4.3.3.1. Environmental Scanning Electron Microscopy (ESEM) 

The samples were visualised on a Quanta FEG-250 (FEI Company) field emission 

SEM for high-resolution imaging operating in ESEM mode using a GSED 

detector. 

Bacteria and moulds incubated with MgO NPs. Bacterial cell morphology after 

incubation with the MgO NPs at MIC concentrations (1.5 mg/mL for E. coli and 

0.75 mg/mL for B. subtilis) was studied by ESEM. All samples were analysed in 

a Quanta FE6-250 (FEI Company) field emission ESEM for high-resolution 

imaging working at low vacuum mode. A bacterial inoculum (1x107 CFU/mL) of 

E. coli and B. subtilis was supplemented with MgO NPs at a final concentration of 

1.5 and 0.75 mg/ml, respectively. A sample without MgO NPs was also included 

in the assay as negative control. After 24 h of incubation the samples were 

washed twice in PBS, by centrifuging 10 min at 1.400 rpm (300 G) and 

resuspending the pellet in 1.5 mL of PBS.  Then the bacteria were fixed by 

incubation in 1.5 mL of phosphate buffer 10 mM pH 7.2 + 2.5% glutaraldehyde 

for two hours in a wheel at room temperature. After two washed in 1.5 mL of 

PBS the samples were finally resuspended in distilled water. 

The effect of the MgO NPs on moulds was also studied by ESEM. Briefly, the 

moulds were incubated on 2x2 cm 18th century paper samples previously coated 

with a 10 mg/mL MgO NP solution (dissolved in RPMI). After 2 weeks 

incubation the samples were fixed with cacodylate buffer 0.1 M and dehydrated 

with methanol. Then the samples were visualized on a Quanta FEG-250 (FEI 

Company) field emission SEM for high-resolution imaging working in ESEM 

mode using a GSED detector under high relative humidity conditions. A more 

detailed protocol is described in section 4.5.1.3. 

Moulds incubated with POM-IL DOTMG-1. The effect of the POM-IL on fungal 

cells was also studied by Environmental Scanning Electron Microscopy (ESEM). 

First, a suspension of 105 conidia/mL was prepared and incubated 48 h with the 

compound at concentrations corresponding to the MIC and ½ MIC values for 

each mould. After the incubation time, the samples were centrifuged at 10000 

rpm for 10 min and the supernatant was discarded. The pellet, containing the 

mould, was resuspended into 1 mL of saline and filtered through a sterile 

polycarbonate membrane (13 mm diameter, pore size 0.22 μm). Afterwards, the 
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membranes containing the moulds were placed on a 12-well plate and fixed. The 

fixation protocol was performed as follows: the membranes were washed once 

with 2 mL of saline and then fixed with 2 mL of cacodylate buffer 0.1 M at 37 °C 

for 90 min. To dehydrate the moulds, increasing concentrations of methanol were 

used (5 min with methanol 30%, 5 min with methanol 50%, 5 min with methanol 

70%, 10 min with methanol 100% and 5 min with methanol 100%). 

4.3.3.2. Transmission Electron Microscopy (TEM) 

TEM images were obtained in a TECNAI T20 electron microscope (FEI) operating 

at 60 kV. 

Bacteria incubated with MgO NPs. Bacterial cell morphology after incubation 

with MgO NPs was also studied by TEM. The bacteria were incubated at sub-

MIC concentrations (0.5 mg/mL and 1 mg/mL) with the MgO NPs for a 24 h 

period. A control of untreated bacteria was also added. After the incubation the 

bacteria cells were fixed, dehydrated, embedded in epoxy resin, and sliced into 

10 µm slivers using a microtome. 

Bacteria incubated with POM-IL. Bacterial morphology after the treatment with 

the POM-IL DOTMG-1 was studied by TEM. A 107 CFU/mL bacterial suspension 

of each bacterium (E. coli DH5α, VTEC, B. subtilis and L. monocytogenes) was 

incubated with the compound at DOTMG-1 concentrations corresponding to the 

MIC and ½ MIC values for each of them. The assay was performed on a 12-well 

plate, where each well contained 1 mL of the bacteria suspension, 980 μL of liquid 

media and 20 μL of the compound at the corresponding concentration. Then, the 

plate was incubated at 37 °C for 24 h with agitation in an incubator. Fixation of 

these bacterial suspensions was carried out prior to TEM analysis to preserve the 

biological sample. The samples were centrifuged at 3000 rpm for 15 min and then 

the pellet was resuspended into 1.5 mL of sterile PBS. Another centrifugation at 

3000 rpm for 15 minutes was carried out and the pellet containing the bacteria 

was resuspended in 1.5 mL of 2.5 % glutaraldehyde in phosphate buffer 10 mM 

at pH 7.2 for fixation of the cells. The samples were incubated for 2 h on a Ferris 

wheel and then washed once with 1 mL of sterile phosphate-buffered saline (PBS) 

at pH 7.4 and three times with sterile distilled water with centrifugations at 3000 

rpm for 15 min between washes for cell recovery and to remove excess 

glutaraldehyde. The pellets were resuspended in 1.5 mL of sterile MilliQ water 

and kept at 4 ºC for further analysis. 2 μL of each sample were deposited on a 
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carbon-coated copper grid (Cu200 mesh) and left to dry at room temperature 

overnight. 

4.3.3.3. Optical microscopy 

Cell viability was also analysed by epifluorescence microscopy with a 

LIVE/DEAD® fluorescence assay. A bacterial inoculum (1x107 CFU/mL) of E. coli 

(in LB media) and B. subtilis (in NB media), was supplemented with MgO NPs at 

a final concentration of 1.5 mg/ml. A sample without MgO NPs was also included 

in the assay as negative control. After 24 hours of incubation at 37 ºC with stirring, 

the solutions were stained with the LIVE/DEAD® BacLightTM Bacterial Viability 

Kit in a 1:500 dilution and incubated for 15 minutes in the dark. Then 10 μL of 

the stained samples were extended over a slide and the bacteria were visualized 

with a Nikon ECLIPSE Ti epifluorescence microscope. 

4.4. Coatings on real heritage samples 

4.4.1. XVIII Century paper coating with MgO NPs 

Four different paper samples from the last third of the 18th century were used in 

this study. The papers were obtained from the leftovers of the Herbarium sheets 

conserved in the Archives of the Real Jardín Botánico (CSIC) in Madrid, Spain, 

and differ in colour, thickness, and roughness. For the antibacterial assays there 

were used paper 1, 2 and 3. Paper numbers 1 and 3 were used to keep dried 

plants, whereas paper number 2 was the usual text document accompanying the 

plant samples. Paper 4, also used to keep dried plants, was used in the antifungal 

experiments. To avoid contamination the papers were sterilized in an autoclave 

before any assay performed with them. 

To do the coating the MgO NPs were dispersed in sterile distilled water at a final 

concentration of 10 mg/mL and were applied over the paper samples in small 

drops using a micropipette. Then the coated papers were sterilized under UV for 

15 min and they were allowed to dry in a sterile environment. This process was 

performed twice on each paper to ensure a homogenous coating of MgO NPs. A 

control paper without coating was included in all the assays. This control was 

treated in the same way, using a sterile distilled water instead of a MgO NPs 

solution. 
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4.4.1.1. Colorimetric measurement after the MgO NPs coating 

Colour change of the 18th century papers after the coating with a 10 mg/mL MgO 

NPs solution (in distilled water) was measured with a Chroma Meter CR-400 

(Konica Minolta) during 4 days post-application of the MgO NP coating. 

Measurements were performed on two paper samples (4x4 cm) before and after 

the coating, measuring five points for each paper to account for sample 

heterogeneity. The result of the chromatic change (ΔE*ab), given by the three 

colorimetric coordinates (L*, a*, b*), was determined by the following equation, 

were ΔE*ab represents the total colour difference, ΔL* the lightness difference, Δa* 

the difference in redness or greyness and Δb* denotes blueness-yellowness 

differences: 

∆𝐸 =  √∆𝐿2 + ∆𝑎2 + ∆𝑏2 

 

4.4.1.2. Paper coating visualization by ESEM 

The homogeneity of the MgO NPs coating over the paper samples was analysed 

by electron microscopy in a Quanta FE6-250 (FEI Company) field emission ESEM 

for high-resolution imaging working at low vacuum mode. 

4.4.1.3. Inductively coupled plasma mass spectrometry (ICP–MS) 

The amount of MgO NPs on the paper after the coating was analysed by ICP–

MS. 1x1 cm squares of 18th century paper were coated with 10 mg/mL MgO NPs 

solution (uncoated samples were used as a control). All the paper samples were 

digested in 100 μL of piranha solution for 15 minutes at room temperature and 

then 300 μL of aqua regia were added and incubated for 2 hours at room 

temperature followed by 15 minutes at 60 °C. Afterwards, the samples were 

diluted in Milli-Q water to a final volume of 20 mL. ICP–MS measurements were 

carried out with a quadrupole Agilent 7500 series ICP–MS instrument (Agilent 

Technologies, CA, USA), equipped with a Babington nebulizer and a double pass 

spray chamber. Magnesium quantification was performed using a calibration 

curve ranging from 1 and 1000 ng/g (ppb) Mg (I) in ultra-pure water. The data 

acquisition parameters for both calibration curve and samples were set to the 

single particle mode for detecting the presence of magnesium (24Mg, 25Mg, and 

26Mg), in a full quantitative mode, with 1 point per spectral peak, an integration 

time of 0.2 s per point and 10 repeats per sample, giving a total acquisition time 
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of 40.2 s. Digested paper and paper with MgO NPs samples were measured in 

triplicate and quintuplicate, respectively. The control paper samples were diluted 

1/10 and the MgO coated paper samples were diluted 1/100 to adjust the 

concentration to the calibration curve. 

4.4.2. Stone surfaces coated with POM-ILs 

Two mineral-based building materials were used to test the antimicrobial activity 

of the POM-IL 1 and POM-IL 2. 

Pommery cellar stones. Chalky stone from the Pommery Champagne cellar was 

used to study the growth inhibition of lampenflora on POM-IL coated stones. The 

stone is a homogeneous coccolithic limestone with a high porosity (40.4 %), with 

98.7 % of micropores with a diameter less than 1 µm and most of them at 0.25 

µm. Stone slabs (5 x 5 x 1 cm) were coated with different concentrations of the 

POM-ILs (0.1, 0.2 and 0.4 g) by brush, and the quantity of biocide applied on each 

stone sample has been controlled by weighing. Then the stone samples were let 

48 h drying and weighed again to calculate the effective quantity of coating 

remained on stone for the biocidal assays. 

19th century historical bricks. The POM-ILs were also studied as disinfectant 

agents on already contaminated bricks samples (5 x 2 x 1 cm3), that came from 

the demolition of a 19th century residential building. The antifungal activity of 

the POM-ILs was examined against a mixed culture of moulds (Engyodontium 

album, Cladosporium cladosporioides, Alternaria alternata and Aspergillus fumigatus) 

isolated from the surfaces of the historical brick barracks at the Auschwitz II-

Birkenau State Museum in Oświęcim, Poland. The 19th century brick samples 

were inoculated with the mixed culture of moulds and afterwards the POM-ILs 

were spray-coated up to three times to study the disinfectant effect. 

4.4.3. DOTMG-1 films 

POM-IL DOTMG-1 was used to study the antimicrobial activity when embedded 

on polymetylmetacrylate (PMMA) at different ratios. There were prepared four 

films based on the different POM-IL/PMMA weight ratios: film A (0/100), film B 

(20/80), film C (35/65) and film D (50/50). A PMMA solution (100 mg/mL in 

toluene) was mixed with the POM-IL DOTMG-1 at the corresponding amounts 

to achieve the desired concentrations for each film. Then, the POM-IL/PMMA 

solution was spin-coated on a silicon wafer. 
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4.5. Determination of the antimicrobial activity in situ 

4.5.1. MgO NPs paper coating antimicrobial activity evaluation 

A modified Kirby-Bauer disk diffusion technique was chosen as the first assay to 

determine the release capacity of the papers and the diffusion ability of the 

particles. The 18th century papers were cut in 6mm discs, and they were 

impregnated with a 15 mg/mL MgO NPs solution. Another 18th century paper of 

each kind of paper was impregnated with an antibiotic solution (100 µg/mL 

Ampicillin). The diffusion ability of the particles was tested by impregnating 

Whatman® Antibiotic Assay Discs (6 mm) with the 15 mg/mL MgO NPs solution. 

As a positive control, a Whatman® Disc was impregnated with the Ampicillin 

solution (100 µg/mL) and, as a negative control, a non-impregnated Whatman® 

Disc were added to the assay. All the paper samples and the Whatman® Discs 

were placed in an agar plate previously inoculated with an E. coli lawn (107 

CFU/mL). The plate was incubated at 37 °C for 24 h and the inhibition halo was 

measured. 

4.5.1.1. MgO NPs in situ activity against E. coli 

To test the antimicrobial activity of the MgO NPs coating, the papers were cut in 

4x4 cm squares and placed in a sterile Petri dish. Each paper was impregnated 

with 500 µL of a 10 mg/mL MgO NPs solution as described in Section 4.4.1. Once 

the papers were dry, an E. coli solution (104 CFU/mL) was sprayed, twice, over 

the paper samples with MgO NPs and over the negative control samples (papers 

without MgO NPs). To detect the bacterial growth over the paper samples TBX 

agar was used, which contains X-β-D-glucuronide, a chromogenic compound 

hydrolyzed by the β-glucuronidase, an E. coli enzyme, which makes the E. coli 

colonies turn green-blue on an agar plate. A first layer of TBX agar was added 

over all the paper samples covering all the surface of the paper. When the 

medium solidified, a second layer was added. The papers were then incubated 

for 48 h at 37 ºC whereupon the bacterial colonies were clearly observable with 

the naked eye. 

4.5.1.2. Antifungal activity under optimal growth conditions 

The 18th century paper samples were cut in 5 cm diameter discs and placed into 

a 5.5 cm Petri dish, where were then impregnated twice with 800 µL of a 10 

mg/mL MgO NPs solution (as described in Section 4.4.1. When the papers were 
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completely dry, 500 µL of a fungi inoculum (103 conidia/mL, in distilled water) 

was added to the coated papers and over a positive growth control paper sample 

without MgO NPs. Then, SDA culture media was added until the paper was 

completely covered. Plates were incubated at 35 °C for A. niger and T. reesei and 

at 25 °C for C. cladosporioides. The fungal growth was monitored for 6 days. 

4.5.1.3. In situ antifungal activity under more realistic growth conditions 

The 18th century paper samples were cut in 2x2 cm squares, placed into a 6 well 

plate and impregnated twice with 100 µL of a 10 mg/mL MgO NP solution 

(dissolved in RPMI) using a micropipette. When the papers were completely dry, 

100 µL of a fungi inoculum (103 conidia/mL in RPMI) was added to the coated 

papers and over a positive growth control paper sample without MgO NPs. 

Afterwards, plates were incubated in a humidity chamber at the respective 

temperature for each fungus. Fungal growth was monitored during 2 weeks. In 

order to visualize the samples with ESEM, the papers were washed with 2 mL of 

saline and fixed with a 2 mL of cacodylate buffer 0.1 M for 1 h and 30 minutes at 

37 °C. Then the samples were dehydrated with methanol (5 min with methanol 

30%, 5 min with methanol 50%, 5 min with methanol 70%, 10 min with methanol 

100% and 5 min with methanol 100%) and kept at room temperature. The 

samples were visualized on a Quanta FEG-250 (FEI Company) field emission 

SEM for high-resolution imaging working in ESEM mode using a GSED detector 

under high relative humidity conditions. 

4.5.1.4. Evaluating the cellulose degradation capacity of moulds 

Inhibition of cellulase activity by the MgO NPs. To study the effect of the MgO 

NPs in the cellulase activity of the two cellulase producing moulds A. niger and 

T. reesei, cellulase extracts from these two moulds were incubated with different 

MgO NPs concentrations (1/16, 1/8, 1/4, 1/2, 1x and 2x MIC) for 1 h at 37 °C with 

agitation. After incubation, 1 mL of cellulase solutions was mixed with 4 mL of a 

cellulose 5% (w/v) solution and incubated at 37 °C for 120 min with vigorous 

stirring to determine the cellulase activity. All the reagents were prepared in 50 

mM sodium acetate buffer pH 5. Cellulase activity, expressed as enzymatic units 

(one unit (U) will liberate 1.0 µmole of glucose from cellulose in one hour at pH 

5 at 37 °C), was determined by quantifying the release of reducing sugars 

produced after the incubation period as reported in the DNS method, using 

glucose as standard.179 
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Inhibition of fungal adhesion to the paper. To verify the anti-cellulase activity 

of the MgO NPs, A. niger and T. reesei were forced to use the cellulose from the 

18th century paper in this assay. The 18th century paper samples were incubated 

in 10 mL fermentation medium containing 1 mL of an A. niger and T. reesei 

inoculum (105 conidia/mL, prepared in liquid medium) and MgO NPs at the 1/4, 

1/2, 1x and 2x MIC value which corresponds to the following concentrations: 1.5, 

3, 6, 12 mg/mL for A. niger and 0.75, 1.5, 3, 6 mg/mL for T. reesei. Three paper 

samples of 1x3 cm were used for each sample, in addition with a positive growth 

control sample without MgO NPs and a negative control without fungi. Samples 

were incubated four days at 35 °C with agitation. After incubation, paper samples 

were removed from the culture, washed with sterile saline solution and dried at 

50 °C until a constant weight was achieved. 

4.5.2. POM-ILs coating on stone surfaces 

4.5.2.1. Pommery chalk slabs 

The antimicrobial activity of POM-IL 1 and POM-IL 2 against algae and 

cyanobacteria was studied on chakly stone slabs. There were performed four 

biocidal assays to stablish the amount of POM-IL necessary to avoid the 

biocolonization of the stones by phototrophic microorganisms, study the coating 

effect when applied on wet stones and the ability to prevent re-colonizations. One 

cyanobacteria (Timaviella sp.) and three green algae (Diplosphaera sp., 

Chromochloris zofingiensis and Pseudostichococcus monallantoides), isolated from the 

bas-reliefs of the Pommery Champagne cellar, were used in this study. The four 

biocidal assays are summarized in Table 5. 

Table 5. Summary of the conditions of the four biocidal assays 

Assay 
Aim of the 

assay 
Stone 

Inoculated 

microorganisms 

Incubation 

conditions 

Concentration 

POM-ILs PR80 

1 

Evaluation of 

the biocidal 

coatings 

Dry 
Chromochloris sp. 

Pseudostichococcus sp. 

7 weeks 

20°C 

80 % R.H. 

0.1 g 

0.2 g 
0.2 g 

2 
Optimize the 

biocidal coating 
Dry Pseudostichococcus sp. 

5 weeks 

20°C 

80 % R.H. 

0.4 g 0.4 g 
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3 

Effectiveness of 

the coating on 

wet stones 

Wet Pseudostichococcus sp. 

5 weeks 

20°C 

80 % R.H. 

0.1 g 

0.2 g 

0.4 g 

0.2 g 

0.4 g 

4 

Biocidal effect 

after re-

inoculation 

Wet 

Pseudostichococcus sp. 

Diplosphaera sp. 

Timaviella sp. 

5 weeks 

20°C 

80 % R.H. 

0.1 g 

0.2 g 

0.4 g 

0.4 g 

4.5.2.2. 19th century historical bricks 

The antifungal activity of the POM-IL 2 and its homologue formed with the full 

kegging structure, [SiW12O40][THTDA]4), was studied by ESEM analysis of the 

contaminated bricks after one, two and three applications of the POM-ILs. 

Briefly, the 19th century brick samples were inoculated with 106 CON/mL of the 

mixed culture of moulds (E. album, C. cladosporioides, A. alternata and A. fumigatus) 

and after three weeks incubation they were spray-coated with the POM-ILs up 

to three times. The antifungal activity of POM-ILs was evaluated according to a 

calibration scale and the moulds morphology after the treatment with the POM-

ILs was studied on a Quanta FEG-250 (FEI Company, Hillsboro, OR, USA) field 

emission SEM for high-resolution imaging working in ESEM mode, using a 

gaseous secondary electron detector (GSED) detector under high relative 

humidity conditions. 

4.5.2.3. Surface antimicrobial activity of the POM-IL DOTMG-1 

The surface antimicrobial activity of the POM-IL DOTMG-1 was studied by two 

different assays. First, the POM-IL was applied as a coating on 2 x 2 cm sterilised 

glass slides, using a modified Japanese Industrial Z 2801 Standard (Reference 

number: JIS Z 2801: 2000 (E); ICS 07.100.10; 11.100), and was tested against E. coli 

DH5α, VTEC, B. subtilis and L. monocytogenes. The POM-IL was dissolved in 

acetone and applied over the glass slides to obtain a final concentration of 1, 2, 4, 

8 and 16 μg cm-2. The coated glass slides were dried under a UV light for 20 min 

to avoid any external contamination and then 50 μL of a 107 CFU/mL bacterial 

suspension were added over the coated slides and over a control slide without 

coating. A coverslip was put on top of each sample to ensure comparable contact 

surfaces. The samples were incubated at 37 °C for 24 h in a humidity chamber 

and after the incubation time the bacteria were extracted by vortexing the 

samples inside a 50 mL falcon tube with 20 mL of liquid media for 1 min. The 

liquid media containing the extracted bacteria was then diluted and sown on the 

appropriate solid media for each microorganism. The colonies grown on the 
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plates were counted after incubation at 37 °C for 24 h. The percentage of bacterial 

growth reduction was obtained by comparing the number of colonies present in 

the plates from the coated samples and the colonies present in the plates from the 

control sample. 

The surface antimicrobial activity of the was also studied embedding the POM-

IL in PMMA spin-coated on a silicon wafer. The four films (A, B, C and D) were 

tested against E. coli DH5α, B. subtilis and L. monocytogenes. First, the films were 

placed in a 6-well plate and inoculated with 50 μL of a 106 CFU/mL inoculum of 

the different bacteria. After 4 h incubation at 37 °C in a humidity chamber, the 

films were rinsed with saline, and the rinsed suspension was plated on the 

appropriated solid media, which was the incubated 24 h at 37 °C to count the 

colonies. After a final wash with sterile distilled water, the films incubated with 

L. monocytogenes were fixed with glutaraldehyde (due to the pathogenicity of 

these bacteria) and all the film samples were visualized on a Quanta FEG-250 

(FEI Company) field emission SEM for high-resolution imaging working in 

ESEM mode using a GSED detector. Due to the repeated washes (specially for 

the fixed sample), almost all the bacteria were removed from the surface of the 

silicon wafer. 
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5. Results and Discussion 

5.1. MgO NPs to prevent heritage paper colonization 

Magnesium-oxide nanoparticles (MgO NPs) are a good alternative to other 

traditional chemicals to prevent the biodeterioration due to their low-cost 

production, low eco-toxicity and low cytotoxicity.123,180 Until recently, their exact 

mechanism of action was still unknown, and was cited to arise from the 

production of reactive oxygen species (ROS), that generates oxidative stress and 

can lead to lipid peroxidation on the bacteria membrane, and interaction with the 

cell wall of microorganisms.115 Furthermore, their ability to increase the pH may 

cause an alkaline effect that helps to induce cell death.116 

Here we explore the synthesis and antimicrobial activity of MgO NPs along with 

their potential mechanisms of action and evaluate their activity as protective 

coatings to prevent the bio-colonization and -degradation of paper heritage. 

5.1.1. Synthesis and characterization of MgO NPs 

The MgO NPs were synthesized using a sol-gel method, which was selected due 

to the reproducibility, scalability, simplicity, and low cost of the synthesis, which 

also guarantees a degree of control over the diameter of the nanoparticles. Briefly, 

magnesium methoxide, Mg(OCH3)2, was used as the precursor, and after 

addition of ethanol and water under ultrasonication for 30 min the sol was 

formed. After correct gelation, the mixture was heated and stirred in an oil bath, 

then the solvent was evaporated and a fine magnesium dihydroxide powder was 

obtained. The MgO NPs were obtained by oxidation of the Mg(OH)2 powder at 

600 °C for 30 minutes. 

The MgO NPs were deposited on a TEM grid and after solvent evaporation they 

were analysed by BF-TEM. Their size and shape were determined by measuring 

the diameters of the nanoparticles in the TEM images. As observed in Figure 7, 

the mean diameter of the particles is 12 nm, in a range that goes from 8 to 20 nm. 

There were also observed some aggregates of 5–10 NPs (100 nm in diameter), 

which can come from the sample preparation.181 
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Figure 7. BF-TEM images of MgO NPs ((B) is a magnification of an area selected in (A) were an 

aggregate can be observed) and estimated size dispersion histogram (C). 

5.1.2. Antimicrobial activity of the MgO NPs 

The antimicrobial activity of the MgO NPs was studied against several bacterial 

and fungal strains using standardized protocols to determine the MIC and the 

MBC of the particles. It is crucial to determine the corresponding MIC and MBC 

values before using the nanoparticles as a preventive coating on heritage paper 

because the concentration which needs to be applied must first be determined. in 

addition, the effect of the MgO NPs on the bacterial morphology was studied by 

electron microscopy techniques. 

5.1.2.1. Microbial proliferation and viability in presence of the MgO NPs 

The antimicrobial effect of the MgO NPs was determined against two bacterial 

strains (Escherichia coli and Bacillus subtilis) and three moulds (Aspergillus niger, 

Cladosporium cladosporioides and Trichoderma reesei) in a microbial proliferation 

assay, complemented with a colorimetric viability assay to corroborate the 

antimicrobial concentrations. We chose E. coli as Gram-negative model and B. 

subtilis as Gram-positive model due to their high relevance in the research field. 

E. coli represents the most studied organism on the planet,182 and B. subtilis has 

served as a model microorganism for many decades, and is usually considered 

as the Gram-positive equivalent of E. coli.183 Besides their relevance in the 

research field, both bacteria genus have been found colonising heritage paper 

due to cross-contamination during restoration works.11 The three fungal strains 

were chosen as representative contaminating microorganisms found in heritage 

artefacts, especially A. niger and T. reesei, that were chosen not only for their 

prevalence but also for their cellulase activity, which leads into the degradation 

of the paper fibres.20,184–186 
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A broth microdilution assay was used to determine the minimum inhibitory 

concentration (MIC) of the MgO NPs against the model bacterial strains. Briefly, 

an inoculum of each bacterium, in their appropriate culture media, was 

incubated with a dispersion of the MgO NPs at final concentrations ranging from 

0.1, 0.25, 0.5, 0.75, 1 and 1.5 mg/mL. After the incubation time (24 h at 37 °C), the 

optical density of the samples was measured to study the cell growth, which is 

determined by the culture turbidity (Figure 8). The proliferation of E. coli and B. 

subtilis were both affected by the MgO NPs. B. subtilis being the most susceptible 

strain, which possessed a MIC corresponding to 0.75 mg/mL of the MgO NPs 

dispersion, whereas for E. coli 1.5 mg/mL was required to obtain full inhibition 

(Table 6). These results are reasonably close to the data reported in the literature, 

where 20-25 nm MgO NPs present antibacterial activity in a range between 0.5 

and 1 mg/mL. The differences in the MIC value could be explained due to the 

differences in the particles size and the initial inoculum of bacteria.113,187 The MIC 

results were complemented with a resazurin cell viability assay, in which the 

minimum bactericidal concentration (MBC) was obtained, matching the MIC 

values (Figure 8). The bactericidal concentration was then confirmed by sub-

culturing 10 µL of the culture on solid media. 

 

Figure 8. E. coli (A) and B. subtilis (B) growth curves starting from a concentration of 107 CFU/mL 

in LB (or NB) medium at different MgO NPs concentrations, and a control sample (blank) without 

MgO NPs. The minimum inhibitory concentration (MIC) was 1.5 mg/mL for E. coli and 0.75 

mg/mL for B. subtilis. The minimum bactericidal concentration (MBC) was confirmed with a 

resazurin colorimetric cell viability assay, obtaining the same values. Antibacterial assays were 

repeated on several occasions and replicated a total of six times to calculate mean values and 

associated standard deviations. 

To study the antifungal activity a broth microdilution assay was also used to 

determine the MIC.178 As in the antibacterial assay, an inoculum of fungal spores 
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was incubated with different concentrations of the MgO NPs and after 48 h of 

incubation (at the appropriate temperature for each mould) the MIC was 

determined visually (Table 6). The optical density value was also obtained, and 

a colorimetric cell viability assay (XTT) was carried out to confirm these results. 

T. reesei was the most susceptible mould to the MgO NPs, with the lowest MIC 

value equal to 3 mg/mL, followed by A. niger (6 mg/mL), while the most resistant 

mould was C. cladosporioides (MIC equal to 12 mg/mL) (Table 6). The amount of 

MgO NPs needed to inhibit the fungal growth was marginally higher than those 

reported in the literature. For example, MIC values for A. niger have been 

reported as between 1 and 4 mg/mL.106,188 Importantly, the most susceptible 

moulds are those which can cause most damage to the paper (the cellulase 

producing A. niger and T. reesei), indicating that a relatively low concentration of 

MgO NPs can be used for the paper coating. 

Table 6. Minimum Inhibitory Concentration (MIC) of the MgO NPs (in mg/mL) against the 

bacterial and fungal strains. 

Microorganism  MIC in mg/mL 

Gram-negative bacteria E. coli 1.5 

Gram-positive bacteria B. subtilis 0.75 

Moulds 

A. niger 6 

T. reesei 3 

C. cladosporioides 12 

 

5.1.2.2. Study of the bacterial cell viability and morphology after treatment 

with the MgO NPs 

In order to complement the quantitative results obtained in the microbiological 

assays, the viability and the bacterial cell morphology was also studied by 

microscopy. The bacterial viability of E. coli and B. subtilis after incubation with 

the MgO NPs was studied using a commercial Live/Dead assay. The samples 

were stained with a LIVE/DEAD® BacLight™ Bacterial Viability Kit and then 

visualized with an epifluorescence microscope. The LIVE/DEAD® BacLight™ 

Bacterial Viability kit is conformed by two dyes, the green one, that enters both 

dead and alive cells, and the red one, that only enters dead cells with a disrupted 

membrane, allowing the differentiation between alive cells (in green) and dead 
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cells (in red). Although no quantification of alive and dead cells could be 

performed due to convergence of the two fluorescent channels, in the Figure 9A 

can be observed how the samples incubated with the MgO NPs present lower 

bacterial density than the bacterial culture without the exposure to the particles, 

what corroborated the antiproliferative effect of these nanoparticles. 

Once the minimum inhibitory concentration (MIC) for each bacterial strain had 

been established, both bacteria were incubated with the MgO NPs at their 

respective MICs and visualized by Environmental Scanning Electron Microscopy 

(ESEM). With this technique we can visualize the morphology and health of the 

bacteria cells after the treatment with the nanoparticles, to obtain visual 

indication on the effect of the nanoparticles. The ESEM images show how both 

bacterial strains are affected after incubation with the MgO NPs (Figure 9B). The 

cells incubated with these particles showed evidence of stress and damage 

including general loss of cell shape, cell membrane damage and leakage of 

cytoplasmic material. Furthermore, B. subtilis showed signs of sporulation, which 

is an indicator of cell stress.189 

 

Figure 9. (A) E. coli and B. subtilis were incubated with the MgO NPs at 1.5 mg/mL (A3 and A4) 

and dye with a LIVE/DEAD® BacLightTM Bacterial Viability Kit to determine the viability of the 

bacteria after the incubation. The samples incubated with the particles present less bacterial 

density than the bacterial culture without the MgO NPs (control A1 and A2) due to the 

antiproliferative effect of the MgO. (B) Environmental ESEM images of control E. coli and B. 

subtilis (B1 and B2, respectively) and incubated with MgO NPs at 1.5 mg/mL for E. coli (B3) and 

0.75 mg/mL for B. subtilis (B4) Both E. coli and B. subtilis incubated at their corresponding 

bactericidal concentrations (B3 and B4, respectively) showed evidence of stress and damage 

including general loss of cell shape, cell membrane damage and leakage of cytoplasmic material. 

For a better understanding of the mechanism of action, Transmission Electron 

Microscopy (TEM) was used to determine the interaction of the MgO NPs with 
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one of the bacterial strains (E. coli). In order to elucidate how the interaction 

between MgO NPs and bacteria occurs, the bacteria were incubated with the 

nanoparticles and after the fixation protocol they were embedded in epoxy resin 

and sliced into 10 µm slivers to characterize using TEM. E. coli was incubated 

with sub-MIC concentrations of the particles (0.5 and 1 mg/mL) because at MIC 

concentration (1.5 mg/mL) the growth was completely inhibited and for 

embedding in the resin a relatively high concentration of bacteria in the sample 

is required. The aim of the assay was to attempt to identify the location of MgO 

NPs internalised within the bacteria or associated with the cell surface, but due 

to the low electron density of magnesium atoms the particles could not be 

distinguished from the vast amount of carbon in the bacterial cells. Due to the 

increase of the pH caused by the MgO NPs, a control of E. coli incubated in 

medium at pH 9 was also added. The bacteria incubated with the nanoparticles 

show damage of the bacterial envelope and condensation of the cytoplasmic 

material, as previously observed with ESEM, which could be addressed to the 

increase of the pH of the medium. But in the Figure 4 of the Article 2 it can be 

observed how at higher NP concentrations the cells present permeabilization of 

the bacterial envelope and leakage of the cytoplasmic material, which is not 

observed on the bacteria incubated at pH 9 without the particles. 

5.1.3. Characterization of the MgO NPs coating on real heritage samples 

To test the protective effect of the MgO NPs on real heritage paper samples, a 

variety selection of 18th century paper samples was obtained from the Archives 

of the Real Jardín Botánico (Madrid). Four paper samples covering a variety of 

coarseness and porosity were selected, three of them were used in the 

antibacterial assays and the last one was used in the antifungal assays. The MgO 

NPs have been already used to avoid paper acidification,190–193 but in this study 

we wanted to focus on the antimicrobial protecting when applied as a coating on 

the papers. Studying the MgO NPs antimicrobial activity in situ was one of the 

key priorities of this research, therefore there were developed different methods 

of evaluating the microbial growth on the paper surfaces. 

Maintaining the original appearance of a heritage object is imperative in the field 

of conservation and restoration. Any intervention must not alter the aesthetic 

properties of the object, therefore the papers treated with MgO NPs should not 

display any change in their appearance. To confirm that the coating was not 

visibly altering the color of the paper samples, colorimetric measurements were 
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performed before and after the MgO NP coating. As shown in Figure 10B, the 

MgO NP coating did not produce any significant changes in the luminosity (ΔL*) 

or colour (ΔE*ab), commensurate with results reported by Huang et al.193 The total 

colour variation (ΔE*ab) produced by the coating was 2.55, which is below the 

generally established ΔE limit value (ΔE*ab ≤ 3) and could not be detected by the 

naked eye.194,195 

The homogeneity of the MgO NPs coating was studied by Environmental 

Scanning Electron Microscopy (Figure 10A). The images obtained confirmed that 

the MgO NPs provide a homogeneous dispersion over the surface of the papers, 

where particles were clearly visible penetrating the pores and fibres of the paper 

to provide a deep protective coating layer. 

To confirm the presence and quantify the amount of nanoparticles on the paper, 

the Mg in the paper samples was quantified by Inductively Coupled Plasma 

Mass Spectrometry (ICP-MS). The control untreated samples contained only 77 

µg of Mg per g, while the MgO NPs coated paper samples were found to contain 

0.86 mg of Mg per g (Figure 10C). 
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Figure 10. A) ESEM images of 18th century papers. On the left, an untreated sample where only 

the cellulose fibres are observed. On the right, an image of a coated paper with a 10 mg/mL MgO 

NP solution, showing the homogeneity of the nanoparticles over the paper surface. B) Luminosity 

change (ΔL*) and colour change (ΔE*ab) of the paper samples after coating with the 10 mg/mL 

MgO NP dispersion. The values obtained verify the coating did not produce any significant 

changes in the luminosity (ΔL*) or colour (ΔE*ab). C) Inductively Coupled Plasma Mass 

Spectrometry (ICP–MS) of the magnesium (Mg) content of the 18th century papers coated with 10 

mg/mL MgO NPs (and uncoated as control paper samples). The MgO NP coated paper samples 

contained ten times more Mg content than the uncoated control paper samples. 

5.1.4. Antimicrobial performance of the MgO NP on paper samples 

5.1.4.1. Diffusion ability of the MgO NPs 

In the first instance, the papers were cut into circles to perform a modified Kirby-

Bauer disk diffusion technique. All the papers, including two circles of 

Whatman® Antibiotic Assay Discs were impregnated with an MgO NP 

suspension (disc 1) and with an Ampicillin solution (disc 2) as a control. After the 

incubation over an E. coli lawn, the only sample which generated an inhibition 

halo was the Whatman® disc impregnated in Ampicillin. Thus, it can be deduced 

that the MgO NPs do not diffuse on the agar meaning that there was no release 
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of the MgO NPs from the Real Jardín Botánico papers into the agar medium 

(Figure S6, Article 2). 

Due to the lack of diffusion of the particles into the agar, three different assays 

were developed to study the bacterial and fungal growth inhibition in situ by the 

MgO NPs over the paper samples. 

5.1.4.2. MgO NPs in situ activity against E. coli  

For the antibacterial activity in situ we established a TBX agar method as a 

convenient means of detecting and quantifying the growth of E. coli on the paper 

samples. TBX Agar contains X-β-D-glucuronide, a chromogenic compound 

hydrolyzed by the E. coli enzyme β-glucuronidase, making the E. coli colonies 

turn green-blue on a conventional agar plate. The papers were therefore cut into 

4×4 cm squares and placed in a sterile Petri dish, where were then impregnated 

with a 10 mg/mL MgO NPs solution and allowed to dry. Once dry the papers 

were sprayed twice with a 104 CFU/mL E. coli suspension. In our methodology 

the papers were each covered by a fine layer of TBX agar and when the medium 

solidified the process was repeated to obtain a complete homogeneous covering. 

The papers were then incubated for 48 h at 37 °C. Afterwards the treated and 

untreated papers were compared and counting of the green-blue E. coli colonies 

clearly illustrated the efficacy of the MgO NPs for preventing colonisation of the 

paper samples. As it can be observed in the Figure 11, the MgO NPs treated 

samples do not present any bacterial growth over the surface of the paper, while 

the control untreated paper samples are covered by a lot of green-blue E. coli 

colonies. 

5.1.4.3. Antifungal activity under optimal growth conditions 

For the first antifungal assay performed in heritage paper samples, 5 cm diameter 

circles were coated with an aqueous dispersion of MgO NPs (10 mg/mL) as in the 

antibacterial in situ assay. Once dry, the paper samples were covered with a thin 

Sabouraud Dextrose Agar (SDA) layer and incubated at their optimum growth 

temperatures for six days. As observed in Figure 11, after 72 hours of incubation 

(*48 h for A. niger), fungal growth is clearly visible in the control samples, while 

no growth was observed in paper samples treated with MgO NPs. After longer 

incubation times of up to six days, A. niger and T. reesei failed to display any 

growth (fungicidal action), however C. cladosporioides began to proliferate on the 

MgO NP treated samples. Given that the MgO NPs were applied at 10 mg/mL 
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and the MIC value for the C. cladosporioides is 12 mg/mL, a fungistatic action was 

not fully obtained, leading to the initiation of fungal growth after six days. 

Although a full fungal inhibition was not obtained, the growth of C. 

cladosporioides was clearly lesser in the paper treated with MgO NPs and it started 

with some delay in comparison with the untreated paper, meaning the 

nanoparticles are able to partially inhibit growth of this mould. Nevertheless, the 

MgO NPs turned out to be more effective against the two fungal strains that are 

more relevant in this specific research (A. niger and T. reesei), due to their 

production of the hydrolytic cellulase enzyme, which is able to degrade cellulose 

into glucose. 

 

Figure 11. Images of 18th century papers inoculated with E. coli, A. niger, C. cladosporioides and T. 

reesei, covered with solid culture media and incubated for 48 h (E. coli and A. niger) and 72 h (C. 

cladosporioides and T. reesei). While the MgO NPs coated samples did not present any growth (at 

this incubation times), the untreated samples are fully colonised by the different microorganisms. 

For the E. coli assay TBX agar was used to easily detect the growth of the bacteria over the surface. 

Blue spots are colonies of E. coli stained with the chromogenic compound from TBX agar. 

5.1.4.4.  In situ antifungal activity under more realistic growth conditions 

The second antifungal activity assay was developed to evaluate the in situ activity 

of the MgO NPs under conditions that more closely mimic the real conditions 

under which mould might grow in paper samples (in a hot and humid 

environment). To do so, 2 x 2 cm sterile paper samples were coated with 10 

mg/mL MgO NPs and then inoculated with 103 conidia/mL of each mould. To 

facilitate the fungal growth all the dilutions were made in RPMI (both the MgO 

NPs solution and the fungal inoculum) and then the samples were incubated in 

a humidity chamber with high relative humidity (100 %) at 35 °C for A. niger and 
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T. reesei and at 25 °C for C. cladosporioides. Fungal growth was monitored by 

macroscopic inspection of paper samples as well as microscopic observation 

(Environmental Scanning Electron Microscopy (ESEM) and optical microscopy). 

The brown-black fungal growth of A. niger and C. cladosporioides was easily 

observed in the untreated samples while T. reesei presented a yellow coloured 

growth (Figure S4, Article 3). The images obtained by optical microscopy (Figure 

S5, Article 3) and ESEM (Figure 12) confirmed that the untreated paper samples 

were covered with fungi mycelium for all three moulds, with a significant 

number of spores in the case of A. niger, while MgO NP treated paper samples 

showed no fungal growth over the paper surface and only cellulose fibres were 

observed (Figure 12). It is interesting to highlight the fact that the untreated paper 

inoculated with T. reesei (the most cellulase producing fungi) broke while 

manipulating it after the assay, due to the lack of consistency caused by the 

cellulase activity, while the MgO NPs treated paper had the same stiffness as at 

the beginning of the experiment. 

 

Figure 12. In situ antifungal activity of MgO NPs. The untreated papers (left) present fungal 

growth visible by the naked eye and confirmed by ESEM imaging, where the growth of all three 

fungal strains (A. niger, C. cladosporioides and T. reesei) are clearly observable on top of the cellulose 

fibres of the untreated papers, but are absent from the MgO NP treated papers (right). 

From these two in situ assays we can conclude that MgO NPs deposited on the 

18th century paper samples at 10 mg/mL are capable of inhibiting the fungal 

growth of the selected fungi, with a fungicidal action against A. niger and T. reesei 

(the two cellulose producing strains responsible for paper degradation) and a 

fungistatic action against C. cladosporioides. 



Results and Discussion 

108 

5.1.4.5 Ability of MgO NP to prevent cellulose degradation by moulds 

A. niger and T. reesei are both producers of cellulase, an enzyme responsible for 

catalysing cellulolysis, the decomposition of cellulose and related 

polysaccharides into simple monosaccharides for energy purposes. Fungal 

growth on artefacts made from cellulosic materials can undergo rapid and severe 

biodeterioration as the colonizing microbes consume cellulose for energy. 

To evaluate the MgO NPs anticellulase activity, two methodologies were carried 

out. First, we evaluated the inhibition of the cellulase enzyme by the particles, 

and then we evaluated the efficacy of the particles prevent fungal colonization 

when inoculated moulds were forced to use the cellulase of the paper as their 

energy source. 

The anticellulase activity of the MgO NPs was analysed by incubating the 

particles with commercial A. niger and T. reesei cellulase extracts. Cellulase 

activity decreased with increasing MgO NP concentration, where concentrations 

of ½ MIC were able to reduce the cellulase enzymatic activity by half, with only 

residual enzymatic activity being observed at the MIC concentration for each 

fungal strain (Figure 13A and 13B). 

The last assay was designed to assess the adhesion of fungal cells to the paper 

samples as a function of MgO NP concentration and evaluate the cellulose 

prevention capacity of the MgO NPs on heritage paper samples. The MgO NP 

concentration dependent fungal cell adhesion to the paper was evaluated by 

incubating different concentrations of MgO NP treated paper samples (¼, ½, 1x 

and 2x the MIC value) with A. niger and T. reesei. By weighing the papers after 

the incubation with the fungi, their adhesion to the papers and subsequent 

growth can be determined by comparing the dry weight of the positive control 

papers (incubated without MgO NPs) with the dry weight of the MgO NP-

treated papers (Figure 4, Article 3). Figure 13C and 13D reports how the MgO 

NPs inhibit the adhesion and growth of A. niger and T. reesei at concentrations 

lower than the MIC value. At the lowest MgO NPs concentration (¼ MIC), both 

fungi are capable of growing on papers, but at concentrations greater than ½ 

MIC, fungal adhesion and growth are highly diminished and even completely 

inhibited. 
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Figure 13. Enzymatic activity of cellulase from A. niger (A) and T. reesei (B) incubated with MgO 

NPs at concentrations of 1/16, 1/8, 1/4, 1/2, 1x and 2x the corresponding MIC values for each 

fungus. Error bars correspond to SD values of three independent assays. C) and D) correspond 

to the ‘paper adhesion inhibition’ test. The control samples from both A. niger and T. reesei are 

completely covered by the fungi, and the three papers of each sample adhere to each other due 

to the fungal growth over the paper. At the lowest concentration of MgO NPs (1.5 mg/mL for A. 

niger and 0.75 mg/mL for T. reesei) the fungi are still able to get attach to the paper surface and 

proliferate, but at the next concentration (3 mg/mL for A. niger and 1.5 mg/mL for T. reesei) the 

papers are completely free of fungal growth. 

Newly publications obtained similar results immersing paper samples in a MgO 

NPs solution and testing the treated papers against four moulds (Aspergillus 

niger, Trichoderma viride, Penicillium funiculosum and Chaetomium globosum). The 

coating had no influence on the aesthetics of the treated paper sample and, 

although a total fungal inhibition was not achieved (probably due to the lower 

concentration applied (2 mg/mL)), there were observed few moulds compared 

with the untreated papers.196 Other recent studies have demonstrated that Ag 

NPs and ZnO NPs can be also used to prevent paper degradation due to their 

antifungal activity against A. niger and other environmental and cellulase 

producing moulds as Alternaria alternata, opening the door to the use of this kind 

of nanoparticles to preserve paper and avoid biodeterioration.197 
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5.1.5. Conclusions 

This work has demonstrated the applicability of MgO NPs as protective coatings 

for heritage paper. The 12 nm-diameter MgO NPs can be synthetised by an easy 

and cheap sol-gel method and can be applied as a colourless and homogeneous 

coating to protect various paper from bacterial and fungal colonization. The 

combination of different antimicrobial assays has shown that the particles can 

inhibit both bacterial and fungal growth in vitro and in situ. Furthermore, 

microscopy studies have shown that the particles cause oxidative stress, cell 

membrane leakage and cell death on the bacteria. The application of a 10 mg/mL 

coating of the MgO NPs on 18th century papers demonstrate their inhibitory effect 

against E. coli bacterial growth and against three filamentous fungal strains, T. 

reesei, A. niger and C. cladosporioides. Additionally, the MgO NPs also display 

anticellulase activity at sub-MIC concentrations, avoiding the cellulose 

degradation of the paper by cellulase producing A. niger and T. reesei. These 

results highlight the potential and the multifunctionality of the MgO NPs to 

preserve heritage paper, not only preventing the paper colonisation due to their 

biocidal activity, but also inhibiting the cellulase activity of the most harmful 

moulds and increasing the pH to avoid paper acidification. 
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Article 2: Protection of 18th century paper using antimicrobial nano-

magnesium oxide 
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Article 3: Preventing fungal growth on heritage paper with antifungal and 

cellulase inhibiting magnesium oxide nanoparticles 
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5.2. Polyoxometalate-ionic liquids (POM-ILs) as broad-spectrum 

antimicrobial coatings to protect stone materials from microbial 

contamination 

Polyoxometalate-ionic liquids (POM-ILs) are composed of an anionic metal-

oxide cluster (polyoxometalate, POM) and an organic cation. These ionic liquids 

(salts with a melting point below 100 °C) present interesting characteristics and 

properties that makes them highly suitable candidates to be applied on the 

heritage field. They present anticorrosive properties,144 high antimicrobial 

activity,148 and hydrophobicity and offer the advantage of being highly 

modulable (both cation and anion can be independently tuned), allowing the 

synthesis of multifunctional materials which can be applied at low 

concentrations, enabling the application as a colourless coating that will not affect 

the aesthetics of the heritage surface. 

In this PhD thesis, the antimicrobial activity of three different POM-ILs (POM-IL 

1, POM-IL 2 and POM-IL DOTMG-1) has been studied against a range of bacteria 

and moulds. The three POM-ILs are constituted by the POM [α-SiW11O39]8-,175 and 

combined with three different antimicrobial cations: two quaternary 

alkylammonium cations (tetraheptylammonium (THA) ((n-C7H15)4N+) to give 

POM-IL 1 and trihexyl tetradecyl ammonium (THTDA) ((n-C6H13)3(C14H29)N+) to 

give POM-IL 2)176 and one quaternary alkylguanidinium cation (N, N, N’, N’-

tetramethyl-N’’, N’’-dioctylguanidinum, (C21H46N3)Br) to give POM-IL DOTMG-

1.138,177 

Although the three POM-ILs have good antimicrobial performance, based on 

previous studies, where POM-IL 1 and POM-IL 2 demonstrated that can be 

applied as a coating and prevent biofilm formation and corrosion of natural 

limestones,99 we decided to use POM-IL 1 and POM-IL 2 in “Article 5” and 

“Article 6” as protective and disinfectant agents on chalk stone from the 

Pommery Champagne cellar and 19th century bricks, respectively. 

5.2.1. Antimicrobial activity of the POM-ILs against bacteria and fungi 

5.2.1.1. Microbial proliferation and viability in presence of the POM-ILs 

The antimicrobial activity of the POM-ILs was first studied by determining the 

antiproliferative effect of the compounds against a variety of microorganisms. To 

assess bactericidal activity, we used a colorimetric cell viability assay (based in 
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resazurin), which was then confirmed by subculture in solid media. The 

corresponding minimum inhibitory concentration (MIC) and the minimum 

bactericidal concentration (MBC) of each POM-IL variant was determined using 

a combination of these assays. 

The POM-IL DOTMG-1 was studied against four bacterial strains (E. coli DH5α, 

Verotoxigenic E. coli (VTEC), B. subtilis and L. monocytogenes) and against four 

fungal strains (A. niger, A. ochraceus, C. cladosporioides and P. expansum). DOTMG-

1 exhibited antimicrobial activity against all the bacterial and fungal strains at 

low concentrations, obtaining MICs from 1.95 μg/mL for the most sensitive 

bacterium (B. subtilis) to 250 μg/mL for the most resistant mould (A. niger) (Table 

7). The most sensitive bacteria were the Gram-positive bacteria (B. subtilis and L. 

monocytogenes), followed by the Gram-negative bacteria (E. coli DH5α and VTEC), 

suggesting that the mechanism of action of the DOTMG-1 may involve damage 

to the cell membrane. The differences in the cell wall between the Gram-positive 

(composed of a thick, multi-layered peptidoglycan sheath outside of the 

cytoplasmic membrane) and Gram-negative bacteria (composed of a thin 

peptidoglycan cell wall located within the periplasmic space between an inner 

cytoplasmic cell membrane and a bacterial outer membrane) can affect their 

susceptibility to a certain compound, making the Gram-positive ones more 

sensitive to the POM-IL. The bacterial cell growth was also monitored by 

measuring the optical density (OD620) of the bacterial culture containing 

increasing DOTMG-1 concentrations. Figure 14 shows how the bacterial growth 

was inhibited for concentrations corresponding to the MIC value and higher, 

while the cultures containing the compound at concentrations below the MIC 

presented a growth curve similar to the negative control sample containing only 

bacteria in growth medium. 

The results obtained studying the bactericidal activity confirmed that the MBC 

values of DOTMG-1 against E. coli DH5α, VTEC and L. monocytogenes were 

commensurate with the MIC values: 125, 125 and 31.25 μg/mL, respectively 

(Table 7). On the other hand, the MBC for B. subtilis (3.91 μg/mL) was two times 

higher than its MIC value (1.95 μg/mL), but even so this bacterium was still the 

most susceptible microorganism (Figure 14). 
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Figure 14. A) Gram-negative (E. coli DH5α, VTEC) and B) Gram-positive (B. subtilis and L. 

monocytogenes) bacteria growth curves, starting with a 107 CFU/mL inoculum, in the presence of 

different DOTMG-1 concentrations (ranging from 0.9765 to 500 μg/mL). The minimum inhibitory 

concentration (MIC) obtained for the different bacteria was: 125 μg/mL for E. coli DH5α and 

VTEC; 31.25 μg/mL for L. monocytogenes and 1.95 μg/mL for B. subtilis. The apparent increase of 

turbidity in the E. coli DH5α graph at the higher concentrations is due to the precipitation of the 

compound in the culture media. The minimum bactericidal concentration (MBC) was confirmed 

with a resazurin colorimetric cell viability assay, obtaining the same values for E. coli DH5α, 

VTEC and L. monocytogenes (125, 125 and 31.25 μg/mL, respectively). The MBC of B. subtilis was 

3.91 μg/mL, two times higher than its MIC value. 

The moulds presented a MIC ranging from 31.25 μg/mL to 250 μg/mL. As 

expected, the pervasive and resistant mould A. niger was the most resilient of the 

assayed microorganisms against DOTMG-1; but even so, the MIC was found to 

just 250 μg/mL. All the corresponding MIC values are summarized in Table 7. 

The antimicrobial activities of POM-IL 1 and POM-IL 2 have been reported 

previously.99 Both POM-ILs display high antimicrobial activity, with POM-IL 1 

being the most active, possessing MICs of 50 μg/mL for E. coli DH5α and 0.5 

μg/mL for B. subtilis. The MBC values of each bacterium were equal to the MIC 
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values. This higher susceptibility of the Gram-positive bacteria commensurate 

with the DOTMG-1 results and with previous studies were three different POM-

ILs (POM-IL 1 among them) displayed higher antimicrobial activity against the 

Gram-positive bacterial strains.148 The MIC values of POM-IL 1 and 2 against E. 

coli and B. subtilis are summarized in Table 7. 

Table 7. Minimum Inhibitory Concentration (MIC) of the POM-IL DOTMG-1, 1 and 2, and the 

POM K8[α-SiW11O39] against different microorganisms. 

 MICs of the POM-ILs and the POM in μg/mL 

Microorganism DOTMG-1 1 2 K8[α-SiW11O39] 

Gram - bacteria 
E. coli DH5α 125 50 500 > 12680 

VTEC 125 ND ND - 

Gram + bacteria 
B. subtilis 1.95 0.5 5 12680 

L. monocytogenes 31.25 ND ND - 

Moulds 

A. niger 250 ND ND 2000 

A. ochraceus 125 ND ND 2000 

C. cladosporioides 31.25 ND ND 2000 

P. expansum 31.25 ND ND 1000 

*ND: Not Determined 

To complement the study, the MIC of the POM K8[α-SiW11O39] was also 

determined against E. coli, B. subtilis, A. niger, A. ochraceus, C. cladosporioides and 

P. expansum (Table 7). As expected, the POM didn’t display high antimicrobial 

activity at pharmacologically acceptable concentrations, obtaining MIC values 

ranging from 2000 to >12680 μg/mL. Similar values were reported for MRSA 

(methicillin-resistant Staphylococcus aureus) and VRSA (vancomycin-resistant 

Staphylococcus aureus) strains. Different lacunary POMs were tested against these 

bacterial strains and the MICs were found to be between 2000 and 12800 

μg/mL.147 Moulds turned out to be more sensitive than the bacteria to the POM 

(with MIC values between 1000 and 2000 μg/mL. These lower MIC values 

obtained for the moulds may provide insight into the mechanism of action of the 

POM. The POM Ag3PW12O40 was stated to inhibit the biosynthesis of ergosterol 

(a sterol found in cell membranes of fungi and protozoa), hence this selective 
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target could explain the differences on the antimicrobial activity between bacteria 

and fungi.198,199 

Given these results, we can conclude that almost all the activity came from the 

cation. Both guanidine derivatives and quaternary ammonium compounds are 

known to be effective biocides. The antibiotic streptomycin and the disinfectant 

and antiseptic chlorhexidine gluconate possess a guanidinium core,200 and the 

biocides benzalkonium chloride and cetrimide are both classified as a quaternary 

ammonium compounds.201 Thus, it is not surprising the high activity shown by 

the POM-ILs in comparison with the lacunary POM. 

5.2.1.2. Study of the microbial morphology after treatment with the POM-IL 

DOTMG-1 

The microbial response to DOTMG-1 was studied by electron microscopy. The 

four bacteria (E. coli DH5α, VTEC, B. subtilis and L. monocytogenes) and the four 

moulds (A. niger, A. ochraceus, C. cladosporioides and P. expansum) were incubated 

with the compound at concentrations corresponding with the MIC and ½ MIC in 

order to study the morphology of the microbial cells after the treatment. 

Transmission electron microscopy (TEM) of the bacteria indicated different signs 

of stress at both of the tested concentrations. At sub-MIC concentrations (½ MIC) 

all bacterial strains displayed indications of replication, as expected, but there 

signs of damage to the cell wall and accumulation of the cytoplastic content in 

the cell ends were also observed. At concentrations corresponding to the MIC 

value, bacterial cell growth for the four bacterial strains appeared to be 

completely inhibited and cells displayed loss of their structural integrity (Figure 

15A). Remarkably, both E. coli strains were completely covered by POM-IL 

aggregates, probably due to the characteristics of the outer cell membrane. The 

outer membrane of Gram-negative bacteria is composed of lipopolysaccharides 

(LPS), a large molecule consisting of a Lipid A and an inner and outer core 

oligosaccharide. This membrane provides an effective barrier against potentially 

harmful compounds, what could explain the higher MIC values of the Gram-

negative bacterial strains.202,203 

The effect of the POM-IL DOTMG-1 on the morphology of the four moulds (A. 

niger, A. ochraceus, C. cladosporioides and P. expansum) was also studied by electron 

microscopy. In the same way as for the bacteria, each mould was incubated with 

DOTMG-1 at the MIC concentration and ½ MIC, and then the samples were 
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analysed by Environmental Scanning Electron Microscopy (ESEM) (Figure 15B). 

Both concentrations (½ MIC and MIC) were able to affect the mould structure 

and decrease the sporulation. The MIC concentration was especially harmful to 

the fungal hyphae and conidia, and some morphological alterations were 

observed, probably due to the effect of the POM-ILs on the ergosterol, that plays 

a very important role in cellular membranes of the cell (Figure 15B). As discussed 

above, the POMs can inhibit the biosynthesis of ergosterol.198 It has been also 

described that different gemini surfactants (based on quaternary ammonium 

compounds) can rapidly reduce the total number of conidia and hinder the 

synthesis of ergosterol.204 The combination of a POM and a quaternary 

ammonium cation on the POM-IL could explain this toxicity against the four 

fungal strains, affecting the germination of the conidia and the ergosterol content 

in the mycelium. 
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Figure 15. A) TEM images of the bacterial response to DOTMG-1 at concentrations corresponding 

to the MIC for each bacterial strain (E. coli DH5α, VTEC, B. subtilis, and L. monocytogenes) and 

bacteria in the absence of DOTMG-1 (control). At MIC concentration, bacterial cells are no longer 

capable of dividing, and most bacteria show cell damage and alterations in their morphology (red 

arrows). Both Gram-negative bacteria (E. coli DH5α and VTEC) are covered by POM-IL 

aggregates (purple arrows), probably due to interaction between the compound and the 

characteristic outer cell membrane of these bacteria. B) ESEM images of the four moulds (A. niger, 

A. ochraceus, C. cladosporioides, and P. expansum) in the absence of antimicrobial DOTMG-1 

(control) and inoculated with DOTMG-1 at the corresponding MIC concentration for each fungal 

strain. At MIC concentration the compound was highly harmful to the fungal hyphae and 

conidia, and some morphological alterations were observed. 

5.2.1.3. Surface antimicrobial activity of the POM-ILs 

The surface antimicrobial activity of the POM-ILs was studied using a modified 

JIS Z 2801 standard, a method that tests the ability of plastics, metals, ceramics 

and other antimicrobial surfaces to inhibit the growth of microorganisms or kill 

them. The POM-IL DOTMG-1 was diluted at different concentrations (1, 2, 4, 8 
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and 16 μg cm-2) and applied as a coating on a glass surface to study the 

antimicrobial and antibiofilm activity against four bacterial strains (E. coli DH5α, 

VTEC, B. subtilis and L. monocytogenes). In agreement with the MIC/MBC results, 

we observed a 100 % bacterial growth reduction in Gram-positive bacteria at 

lower concentrations of DOTMG-1 than for the Gram-negative E. coli strains. 

DOTMG-1 achieved a 100 % bacterial cell reduction at low concentrations, 

ranging from 2 μg cm-2 to 8 μg cm-2 (Table 8). 

Table 8. Concentration of DOTMG-1 surface coating (in μg cm-2) required for 100 % bacterial 

reduction. 

Microorganism 
DOTMG-1 (100 % 

bacterial reduction) 

E. coli DH5α 8 μg cm-2 

VTEC 4 μg cm-2 

B. subtilis 2 μg cm-2 

L. monocytogenes 2 μg cm-2 

 

POM-IL 1 and POM-IL 2 was previously studied as antimicrobial coatings on real 

heritage stones, obtaining significant bacterial reduction, especially for the non-

porous stones. Besides, they have also shown high acid corrosion protection, 

preserving the integrity of all the stones, and preventing the structural collapse 

of the most porous one.99 The acid corrosion can come from air pollution, but also 

from microorganisms that produce organic acids, such as A. niger, that was found 

to be responsible of metal corrosion via the production of oxalic acid.41,44  Due to 

the good performance of these two POM-ILs to prevent biodeterioration on real 

stone samples, we choose these compounds to prevent lampenflora 

biocolonisation of chalk stone described in “Article 5”. 

5.2.2. POM-ILs antimicrobial performance as stone coatings to prevent 

lampenflora growth 

Several halls of the Pommery Champagne cellar are decorated with monumental 

bas-reliefs carved in the chalk (listed as UNESCO World Heritage) and are visited 

every day by tourists. This tourism has increased the artificial lighting, that 

disrupts the natural ecosystem and promotes the growth of lampenflora on the 

bas-reliefs, causing greenish and reddish biofilms that not only affects the beauty 
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of the bas-reliefs but also contributes to their deterioration.205–208. To inhibit the 

growth of lampenflora on chalk stones, we explore the activity of POM-IL 1 and 

POM-IL 2, along with the commercially product Preventol RI80 (PR80), as 

protective coatings against lampenflora colonisation of natural chalk stones. 

First, the lampenflora species colonising the bas-reliefs were identified by 

molecular techniques. One cyanobacteria (Timaviella sp.) and three green algae 

(Diplosphaera sp., Chromochloris zofingiensis and Pseudostichococcus monallantoides) 

were identified in the samples. Once the colonising species were identified, four 

different assays were developed to study the antimicrobial effect of the three 

compounds when applied as a coating on dry and wet chalk stones. The first two 

assays were designed to stablish the appropriate amount of product to be applied 

on dry stone, the third assay consisted of the study of the antimicrobial coatings 

applied on wet stones, and the last assay evaluated the ability of the coatings to 

prevent a re-colonisation of the surface by a mixture of algae and cyanobacteria. 

Prior to the antimicrobial activity characterization of the coatings, the colour 

change produced by the compounds was evaluated to assure the coating was not 

changing the aesthetics of the substrate. 

5.2.2.1. Evaluation of the colour change after application of the coatings 

Since any treatment applied on a surface must not change the aesthetics of the 

object, the colour change produced by the coating of the two POM-ILs and the 

commercial Preventol RI80 (PR80) was measured with a colorimeter. None of the 

compounds yielded a colour change significantly high after the coating, with 

values below ΔE*ab < 3 (CIELAB units), except for the PR80 coating on the wet 

stones, which achieved a value of ΔE*ab = 3.3 for the highest concentration (0.4 g). 

It is also important to consider the stone itself (the control without coating) 

presents a colour variation of 1.5 for the dry stone and 2.9 for the wet stone. Large 

differences in ΔE*ab between the dry and wet stones indicates that the colour 

variation depends on the humidity of the stone when the coating is applied. For 

the dry stones, POM-IL 1 is the product that showed higher colour variation, 

followed by POM-IL 2 and PR80, while for the wet stones PR80 produced the 

greatest colour variation, followed thereafter by POM-IL 1 and POM-IL2. All the 

ΔE*ab values are summarized in Table 9. The colour variations produced by both 

POM-ILs are below the generally established ΔE limit value (ΔE*ab ≤ 3)194,195 and 

could not be detected with the naked eye. These data confirm a low visual impact 

for all coatings, regardless the quantity and the condition of application. 
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Table 9. Colour change (ΔE*ab in CIELAB units) before (Control) and after the coating with 

POM-IL 1, POM-IL 2 and PR80 at different concentrations (g) applied on dry and wet stones. 

  POM-IL 1 (g) POM-IL 2 (g) PR80 (g) 

 Control 0.1 0.2 0.4 0.1 0.2 0.4 0.2 0.4 

Dry stones 1.5 ND 2.6 2.9 ND 0.9 1.4 0.6 0.6 

Wet stones 2.9 2.8 2.7 2.3 2.0 1.9 2.6 3.2 3.3 

*ND: Not Determined 

5.2.2.2. Biocidal performance of the coatings against lampenflora 

The biocidal activity of POM-IL 1, POM-IL 2 and PR80 was evaluated at different 

conditions to establish the best antimicrobial performance of the compounds. To 

do so, the progressive greening of the stone surfaces, due to the algal and 

cyanobacterial growth and biocolonisation, was monitored by measuring the Δa* 

value with a colorimeter every week since the inoculation. Δa* negative values 

indicate the surface is becoming greener, meaning the photosynthetic 

microorganisms are colonising the surface. The chlorophyll a fluorescence, a non-

invasive technique used to detect damages in photosynthetic organisms before 

visible damages are noticeable, was also monitored every week to assess the 

effectiveness of the biocides.209 The cyanobacteria (Timaviella sp.) and three green 

algae (Diplosphaera sp., Chromochloris zofingiensis and Pseudostichococcus 

monallantoides) used in the study were isolated from the bas-reliefs of the 

Pommery Champagne cellar. 

First, the colonisation inhibition effect of the biocides was studied on dry stones 

(Assay 1 and 2). A control stone without coating, and the stones coated with the 

POM-ILs (at 0.1 and 0.2 g), and the commercially PR80 (at 0.2) were inoculated 

with two green algae (C. zofingiensis and P. monallantoides) and incubated for 

seven weeks. The control stones showed greening just one week after the 

inoculation and were completely colonised by both algae after seven weeks, 

being P. monallantoides the algae that presented higher so quicker growth. POM-

IL 1 displayed strong biocidal activity against C. zofingiensis but failed on the 

inhibition of P. monallantoides after first three weeks of incubation (Figure 16A 

and 16B). The stones coated with POM-IL 2 presented an early greening, 

indicating poor and short biocidal effect on both algae strains. PR80 showed 

better biocidal effect than POM-IL 2, but not enough to avoid stones colonisation, 

which were completely covered by C. zofingiensis and P. monallantoides after the 

incubation period (Figure 16A and 16B). After this first attempt, the amount of 
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product applied was increased up to 0.4 g and the effect on P. monallantoides (the 

fastest growing algae) growth during five weeks was studied (Figure 16C). The 

stones coated with POM-IL 1 and POM-IL 2 showed no greening after the five-

week incubation time, indicating high biocidal activity. Besides, the coatings also 

revealed strong inhibition of the photosynthetic activity of the algae. On the other 

hand, the biocidal effect of PR80 was only effective for three weeks, suggesting 

that a higher amount of the product is needed to avoid completely the algae 

colonisation for longer periods. This was a quite unexpected result due to the 

good anti-biocolonisation performance of the PR80 on previous studies, where 

PR80 was efficient at avoiding algae and cyanobacteria colonisation for two 

months in an accelerated growing assay,210 and at removing fungi and bacteria211–

214 as well as algae and lichens215–217 on cultural heritage. 

For the following assays (Assay 3 and 4) the coating was applied on wet stone to 

replicate the more drastic natural environmental conditions of the Pommery 

cellar. Water saturated stone can limit the penetration of the compounds into the 

stone pores. To start, the biocidal activity of the coating during five weeks, 

applied on wet stones at the same quantity as in the previous assay (0.1, 0.2 and 

0.4 g for the POM-ILs, and 0.2 and 0.4 g for PR80), was evaluated against P. 

monallantoides (Assay 3). The lower concentrations of both POM-ILs were able to 

inhibit the algal growth, while the PR80 compound failed to prevent the 

biocolonisation at 0.2 g at week four. For the higher amount (0.4 g) all the 

compounds displayed good biocidal activity and no greening was detected on 

the stones (Figure 16D). The next step, to mimic the natural environmental 

conditions, was to re-inoculate coated slabs which gave a good biocidal 

performance in a previous assay with two algae (P. monallantoides and 

Diplosphaera sp.) and a cyanobacteria (Timaviella sp.) (Assay 4). Due to the lack of 

biocidal activity of PR80 at 0.2 g in the previous assay, only stones coated with 

0.4 g were re-inoculated. Unfortunately, the greening of these stones was very 

similar to the control stones without coating, denoting the ineffectiveness of this 

compound after a re-inoculation of algae. A slight decrease in the Δa* value was 

detected after five-week incubation of the 0.1 and 0.2 g POM-IL 1 coated stones, 

but so close to 0 that no greening was developed on the surface. The 0.4 g coated 

stones confirmed the long-term biocidal effect of POM-IL 1, where no growth 

was developed (Figure 16E). While POM-IL 2 present good biocidal activity at 

the highest amount of product (0.4 g) (Figure 16E), where no greening was 
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detected on the re-inoculated stones, the lower quantities (0.1 and 0.2 g) failed to 

inhibit the microbial growth over the stones. At 0.2 g the stone remained 

unaltered until week 3, but the photosynthetic microorganisms started to 

colonise the surface at week 4. At 0.1 g it was also observed some delay of the 

greening until week 2, along with a different biological growth. POM-IL 2 

seemed to have better biocidal activity against the algae, leading to more 

development of the cyanobacteria (as opposite of the growth of the controls, 

where the algae were dominant). 

As it can be observed in the Figure 16E, both POM-ILs have been more efficient 

and presented higher long-term activity than PR80, which was not able avoid a 

second biocolonisation at the concentration of product applied. It is important to 

consider that, despite the good performance of POM-IL 1 and POM-IL 2 at 0.4 g 

in wet stones, the application of such quantity creates a glossy effect which was 

visually detectable. This glossy effect was also detectable at 0.2 g, therefore the 

desired antimicrobial effect and the preservation of the aesthetics of the material 

should be considered to reach an agreement that satisfies these aspects. 

 

Figure 16. Photos of controls and coated chalk slabs with POM-IL 1, POM-IL 2 and Preventol RI80 

(PR80), inoculated with algae and cyanoacteria. A) Photos of inoculated control and coated dry 

chalk slabs (0.2 g) with C. zofingiensis at week 7 of incubation (Assay 1). B) Photos of inoculated 
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control and coated dry slabs (0.2 g) with P. monallantoides at week 7 of incubation (Assay 1). C) 

Photos of inoculated control and coated dry chalk slabs (0.4 g) with P. monallantoides at week 5 of 

incubation (Assay 2). D) Photos of inoculated control and coated wet chalk slabs (0.4 g) with P. 

monallantoides at week 5 of incubation (Assay 3). E) Photos of re-inoculated control and coated 

wet chalk slabs with two algae (P. monallantoides and Diplosphaera sp.) and a cyanobacteria 

(Timaviella sp.) after 5 weeks of incubation (Assay 4). 

5.2.3. POM-ILs as disinfectant agents of 19th bricks 

The antimicrobial activity of eight phosphotungstate and silicotungstate-based 

POM-ILs was studied against a mixed culture of four moulds (Engyodontium 

album, Cladosporium cladosporioides, Alternaria alternata and Aspergillus fumigatus) 

isolated from the surfaces of the historical brick barracks at the Auschwitz II-

Birkenau State Museum in Oświęcim, Poland. First, the antimicrobial activity 

was determined by a disc diffusion method, but due to the limitations of this 

technique for hydrophobic compounds, the biocidal effect was studied directly 

on 19th century brick samples. The 19th century bricks were inoculated with the 

four moulds and incubated for three weeks (at 28 °C and 80 % relative humidity) 

to allow the colonisation of the bricks. After the incubation time, the POM-ILs 

were spray-coated up to three times and the disinfection effect was analysed by 

a contact plate method. Only two compounds showed very high antifungal 

activity after the third application, [SiW11O39][THTDA]8 (POM-IL 2) and 

[SiW12O40][THTDA]4 (Figure 17). Another POM-IL ([SiW11O39][TOA]8, which 

differs from POM-IL 1 in just one carbon on the alkyl chain of the cation, also 

displayed good antimicrobial activity after the third application. 

The bricks sprayed with [SiW11O39][THTDA]8 (POM-IL 2) and 

[SiW12O40][THTDA]4 (the ones with the highest antimicrobial activity) were 

analysed by ESEM to study the effect of the compounds on the morphology of 

the fungal mycelium and conidia. Although one application of the POM-IL was 

not enough to have a full biocidal effect, the POM-IL covered the mycelium and 

conidia and could penetrate deep into the spatial moulds structure. The third 

application led to a homogeneously covered surface, which implied a higher 

biocidal performance (Figure 17). The ESEM images indicated toxic effects of 

both POM-ILs on fungal conidia, which presented a spherical shape, an 

indicative of membrane damage and collapse, while the untreated moulds from 

the control brick samples presented some indications of dehydration due to the 

ESEM conditions. These results agree with previous studies, where quaternary 

phosphonium ionic liquids were involved in damaging conidia plasma 
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membrane,218 which is consistent with the mechanism of action of the ionic 

liquids that, due to their amphiphilic character, allows their insertion into the 

phospholipid bilayer of plasma membranes.219 These interactions lead to plasma 

membrane damage, leakage of intracellular content, and, in consequence, to cell 

death.220 The cation plays a key role in the antimicrobial performance of the POM-

ILs, and substantial damages to conidia and hyphae provoked by the long alkyl 

chains were also reported in moulds.221 Although the exact antifungal mode of 

action of POMs is still not understood, it has been described that the negative 

charge of POMs can cause impairments of vital cell functions in bacteria (such as 

interaction with proteins,147 and interference with bacterial electron transfer, 

thereby affecting respiration processes).222 

 

Figure 17. Antifungal activity of POM-ILs A) [SiW11O39][THTDA]8 (POM-IL 2) and B) 

[SiW12O40][THTDA]4 on brick samples inhabited by mixed culture of moulds (Engyodontium 

album, Cladosporium cladosporioides, Alternaria alternata and Aspergillus fumigatus). The 

contaminated bricks were sprayed once (A1 and B1) and three times (A2 and B2) with the POM-

ILs and the disinfection effect was analysed by a contact plate method (A3, A4, B3 and B4). 

Environmental scanning electron microscopy (ESEM) images of the historical brick samples after 

three applications of POM-IL 2 ([SiW11O39][THTDA]8) and [SiW12O40][THTDA]4. 
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5.2.4. Conclusions 

Here we presented the use of polyoxometalate-ionic liquids (POM-ILs) as 

antimicrobial agents against a wide variety of microorganisms. One of the biggest 

advantages of these compounds is the high modularity, which allows the 

combination of different anions (POMs) with different cations, obtaining broad-

spectrum antimicrobials. In this work the lacunary Keggin POM [α-SiW11O39]8- 

was used in combination with different cations to obtain three POM-ILs 

(DOTMG-1, POM-IL 1 and POM-IL 2). DOTMG-1 was tested against four 

bacterial strains (non-pathogenic E. coli DH5α and B. subtilis and pathogenic L. 

monocytogenes and VTEC) and four moulds (A. niger, A. ochraceus, C. 

cladosporioides and P. expansum) and exhibited good antimicrobial activity at low 

concentrations. It is remarkable that the three POM-ILs, possessed higher 

antibacterial activity against the Gram-positive strains compared with the Gram-

negative strains, suggesting that the mechanism of action is linked to the 

structure of the bacterial cell wall. The three POM-ILs displayed high surface 

antimicrobial activity, but only POM-IL 1 and POM-IL 2 were selected to prevent 

biodeterioration on heritage stones, due to the good performance showed in 

previous studies.99 These POM-ILs were applied on chalk stone as a preventive 

coating, and they proved to be more effective than a commercial biocide 

(Preventol RI80) against algal strains isolated from the bas reliefs of the Pommery 

Champagne cellar, especially POM-IL 1, that maintained the antimicrobial 

activity even after a re-colonisation of the surface. Aside from the preventive 

effect, POM-IL 2 was also used as a disinfectant agent on 19th century bricks 

colonised by a mixture of moulds, causing toxic effects on the fungal conidia. 

These promising results open the door to the use of POM-ILs on mineral-based 

building materials as broad-spectrum antimicrobial agents to inhibit colonisation 

of the surface by microorganisms, herein preventing the biodeterioration. 
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Article 4: Hybrid Antimicrobial Films Containing a Polyoxometalate-Ionic 

Liquid
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Article 5: New protective coatings against lampenflora growing in the 

Pommery Champagne cellar  
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Article 6: Antifungal Activity of Polyoxometalate-Ionic Liquids on Historical 

Brick
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6. Conclusions 

This doctoral thesis has studied the synthesis, characterisation and application of 

metal-oxide nanomaterials as antimicrobial coatings to prevent biodeterioration 

of heritage paper and stones. One of the most important challenges in this 

research field is the need to develop multifunctional antimicrobial agents that 

target specific microorganisms and meet the needs of the substrate heritage 

material. In this aspect, nanomaterials can provide alternatives to the traditional 

or commercial antimicrobial products. In this doctoral thesis, two different kinds 

of nanomaterials, magnesium oxide nanoparticles (MgO NPs) and the 

polyoxometalate-ionic liquids (POM-ILs), were applied as protective coatings on 

heritage paper and on mineral-based building materials, respectively, without 

significantly altering the appearance of the object. Importantly, both materials 

were demonstrated to possess antimicrobial activity against a wide variety of 

bacteria and moulds. 

In vitro assays demonstrated how 12 nm-diameter MgO NPs can cause oxidative 

stress and cell membrane leakage, leading to cell death. In situ experiments on 

18th century papers obtained from the archives of the Royal Botanical Gardens in 

Madrid also demonstrated the antimicrobial activity of the MgO NPs coating 

against prevented colonisation of the paper by E. coli and three filamentous 

fungal strains (T. reesei, A. niger and C. cladosporioides). What is more, these 

nanoparticles not only prevent growth of the microorganisms; they also inhibit 

the cellulase activity of A. niger and T. reesei at sub-MIC concentrations, 

preventing the degradation of the paper. Furthermore, the MgO NPs present 

some advantages in comparison with other nanoparticles frequently used in 

heritage. On the one hand, they increase the pH, preventing acidification of the 

paper, and once dissolved and applied as a coating do not change the appearance 

of the paper, in contrast with high coloured nanoparticles such as Ag NPs or Cu 

NPs, which can alter the aesthetics of the objects.97 On the other hand, no 

photoactivation is needed (e.g., UV light for TiO2 NPs), thus presenting activity 

in both light and dark conditions.97 However, the amount of MgO NPs needed to 

stop mould growth in vitro (in a standard broth microdilution method) is quite 

high, reaching a concentration of 12 mg/mL against C. cladosporioides. Even the 

concentration needed to kill E. coli (1.5 mg/mL) can be considered too high. For 

comparison, antimicrobial plant extracts and antimicrobial peptides are highly 
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active with MICs below 100 μg/mL, and MICs ranging from 1 to 2 mg/mL are 

considered to have low activity.223–225 

The need of multifunctional coatings, with high antimicrobial activity and long-

lasting effect, has increased in the last years. Research carried out during this 

doctoral thesis has demonstrated that polyoxometalate-ionic liquids (POM-ILs) 

could meet all such requirements. Due to their high modularity, a wide library 

of POM-ILs with different properties can be developed. In this thesis, three POM-

ILs, based on the lacunary Keggin POM [α-SiW11O39]8-, have been synthesised to 

prevent biodeterioration in chalk stones and heritage bricks. The POM-IL 

DOTMG-1 was tested against four bacterial strains (non-pathogenic E. coli DH5α 

and B. subtilis and pathogenic L. monocytogenes and VTEC) and four moulds (A. 

niger, A. ochraceus, C. cladosporioides and P. expansum) and exhibited good 

antimicrobial activity at low concentrations against all the microbial strains. In 

work not presented in this thesis, we reported how POM-IL 1 and POM-IL 2 

display excellent antimicrobial activity against E. coli and B. subtilis.99 

Interestingly, the Gram-positive bacteria were more susceptible than the Gram-

negative ones for the three POM-ILs, suggesting the mechanism of action could 

be associated to the structure of the bacterial cell wall. Regarding the 

antimicrobial activity of the coating on chalk stones, both POM-IL 1 and POM-IL 

2 proved to be more effective than a commercial biocide (Preventol RI80) against 

lampenflora, a mixture of algal and cyanobacterial strains isolated from the 

UNESCO heritage bas-reliefs of the Pommery Champagne cellar. POM-IL 1 even 

displayed long-lasting effect, preventing a second re-colonisation of the surface. 

The disinfectant effect of POM-IL 2 was also studied on 19th century bricks 

colonised by mould. This POM-IL decreased the number of viable fungi present 

on the bricks, causing toxic effects on the fungal conidia and inhibiting further 

colonisation. As seen from latest studies in the field, POM-ILs represent 

promising multifunctional compounds with broad-spectrum antimicrobial 

activity, hydrophobicity, and anticorrosive properties.99,148 These characteristics 

agree with the needs of restorers, however, the high cytotoxicity shown by some 

POM-ILs must be studied and considered to ensure the safety of the 

application.226 Although biocidal at low concentrations, POM-IL DOTMG-1 

displayed high cytotoxicity in two human cell lines at similar concentrations, 

meaning that they pose a potential risk to restorers in close contact with the 

compound and effective HSE measures would be required. Therefore, more 



Conclusions 

233 

extensive studies on the cytotoxicity, along with the ecotoxicological aspects of 

the POM-ILs, should be considered to comprehensively assess the use of these 

materials in heritage objects. 
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6. Conclusiones 

En esta tesis doctoral se ha estudiado la síntesis, caracterización y aplicación de 

diferentes nanomateriales de óxidos metálicos como recubrimientos 

antimicrobianos para prevenir el biodeterioro de papel y piedras patrimoniales. 

Uno de los desafíos más importantes en este campo de investigación es el 

desarrollo de agentes antimicrobianos multifuncionales y selectivos frente a 

microorganismos específicos, y que además cumplan con las necesidades del 

material a tratar. En este aspecto, los nanomateriales pueden ser una buena 

alternativa a los productos antimicrobianos comerciales tradicionales. Durante 

esta tesis doctoral se han utilizado dos tipos diferentes de nanomateriales como 

recubrimientos protectores, las nanopartículas de óxido de magnesio (MgO NP), 

aplicadas en papeles del siglo XVIII, y los líquidos iónicos de polioxometalatos 

(POM-ILs), aplicados en piedras de yeso y ladrillos. Es importante destacar que 

se demostró que ambos materiales poseen actividad antimicrobiana contra una 

amplia variedad de bacterias y mohos, y que no modifican la apariencia del 

objeto una vez aplicados. 

Con los ensayos in vitro se observó que las NPs de MgO de 12 nm de diámetro 

causan estrés oxidativo y daño en la membrana celular, provocando la muerte 

celular. Los experimentos realizados in situ (en papeles del siglo XVIII obtenidos 

de los archivos del Real Jardín Botánico de Madrid), demostraron que la 

actividad antimicrobiana de las NPs de MgO se mantenía una vez aplicadas 

como recubrimiento, inhibiendo el crecimiento de E. coli y tres cepas de hongos 

filamentosos (T. reesei, A. niger y C. cladosporioides) sobre los papeles tratados. 

Además, estas nanopartículas no solo previenen el crecimiento de los 

microorganismos, sino que también inhiben la actividad celulasa de A. niger y T. 

reesei a concentraciones por debajo de la MIC, evitando de esta forma la 

degradación del papel. Las NPs de MgO presentan una serie de ventajas respecto 

a otras nanopartículas frecuentemente utilizadas en patrimonio. Por un lado, 

incrementan el pH, evitando la acidificación del papel. Asimismo, una vez 

disueltas y aplicadas como recubrimiento, no modifican el aspecto del papel, a 

diferencia de otras nanopartículas muy coloreadas como las NPs de Ag o las NPs 

de Cu, que pueden alterar la apariencia de los objetos.97 Por otro lado, no se 

necesita fotoactivación (por ejemplo, las NPs de TiO2 necesitan luz UV para 

activarse), por lo que presentan actividad tanto en condiciones de luz como de 

oscuridad.97 Sin embargo, la cantidad de NPs de MgO necesaria para exhibir 
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actividad fungistática es considerablemente alta, alcanzando una concentración 

de hasta 12 mg/mL frente a C. cladosporioides. Incluso la concentración necesaria 

para matar E. coli (1,5 mg/mL) puede considerarse demasiado alta. A modo de 

comparación, los extractos de plantas con actividad antimicrobiana y los 

péptidos antimicrobianos se consideran muy activos cuando la MIC está por 

debajo de 100 μg/mL, y con baja actividad cuando la MIC oscila entre 1 y 2 

mg/mL.223–225 

La necesidad de recubrimientos multifuncionales, con una actividad 

antimicrobiana alta y con efecto a largo plazo, ha aumentado en los últimos años. 

La investigación llevada a cabo durante esta tesis doctoral ha demostrado que los 

líquidos iónicos de polioxometalatos (POM-ILs) podrían cumplir con estos 

requisitos. Debido a su alta modularidad, se puede desarrollar una amplia 

biblioteca de POM-ILs con diferentes propiedades. En esta tesis, se han 

sintetizado tres POM-ILs, basados en el POM monolacunar de estructura Keggin 

[α-SiW11O39]8-, para prevenir el biodeterioro en piedras calizas y ladrillos 

históricos. El POM-IL DOTMG-1 se estudió frente a cuatro cepas bacterianas (E. 

coli DH5α y B. subtilis (no patógenas) y L. monocytogenes y VTEC (patógenas)) y 

frente a cuatro mohos (A. niger, A. ochraceus, C. cladosporioides y P. expansum), 

obteniendo una buena actividad antimicrobiana a bajas concentraciones. En un 

trabajo no presentado en esta tesis, se demostró cómo el POM-IL 1 y POM-IL 2 

poseen una excelente actividad antimicrobiana frente a E. coli y B. subtilis.99 Es 

interesante mencionar que los tres POM-ILs fueron más efectivos frente a las 

bacterias Gram positivas, que presenteraon mayor susceptibilidad al compuesto 

que las Gram negativas, lo que sugiere que el mecanismo de acción podría estar 

relacionado con la estructura de la pared celular bacteriana. En cuanto a la 

actividad antimicrobiana in situ, como recubrimiento en piedra caliza, tanto el 

POM-IL 1 como el POM-IL 2 demostraron ser más efectivos que un biocida 

comercial (Preventol RI80) frente a la lampenflora, un conjunto de algas y 

cianobacterias aisladas los bajorrelieves de la bodega de Champagne de 

Pommery, que pertenecen al patrimonio de la UNESCO. El POM-IL 1 incluso 

mostró un cierto efecto duradero, evitando una segunda recolonización de la 

superficie. Por otra parte, también se estudió el efecto desinfectante del POM-IL 

2 sobre ladrillos del siglo XIX colonizados por una mezcla mohos. La aplicación 

de este POM-IL disminuyó el número de hongos viables sobre los ladrillos, 

provocando efectos tóxicos en los conidios e impidiendo una mayor colonización. 
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Los últimos estudios en el campo corroboran que los POM-ILs son prometedores 

compuestos multifuncionales, con actividad antimicrobiana de amplio espectro 

y con propiedades hidrofóbicas y anticorrosivas.99,148 Estas características 

coinciden con las necesidades de los restauradores, sin embargo, algunos POM-

ILs presentan una alta citotoxicidad, por lo que este aspecto debe tenerse en 

cuenta y estudiarse para garantizar una aplicación segura.226 El POM-IL DOTMG-

1 resultó ser citotóxico a concentraciones muy similares a la concentración 

biocida, lo que podría suponer un riesgo para los restauradores en contacto 

estrecho con el compuesto. Esto hace que se requieran medidas de protección 

para garantizar la seguridad del trabajador y del medio ambiente. Por 

consiguiente, es imperativo considerar estos aspectos y estudiar la eco- y 

citotoxicidad de los POM-ILs en mayor profundidad, para poder evaluar de 

manera exhaustiva el uso de estos materiales en objetos del patrimonio cultural. 
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7. Perspectives 

Over the last decade, a variety of different classes of nanomaterials have been 

used in heritage conservation for deacidification, consolidation, and cleaning 

processes.227 The antimicrobial properties, and the potential to use nanomaterials 

as carriers for antimicrobial agents, means that they are also being adopted to 

prevent biodeterioration in different heritage materials. Nevertheless, there are a 

number of important considerations that must be addressed to ensure the 

transfer of such nanomaterials from the laboratory to a possible commercial 

product. In broad terms, the key aspects that a new compound or product should 

possess can be summarised in three words: sustainability, reversibility, and 

safety by design.228,229 

Before starting any in situ experiments on real heritage samples, the cyto- and 

ecotoxicity, and the evolution of the activity after accelerated aging studies 

should first be determined. One of the disadvantages of some antimicrobial 

agents is their non-specific activity, meaning that they are not specific to a given 

microorganism, and could also be highly toxic to other living organisms, 

including humans. Studying the cytotoxicity of the newly developed 

compounds, the stability of the coating using climate chamber tests and the 

release (liberation) of the nanoparticles from the coating to the environment is 

essential to guarantee the suitability of the compound. The reversibility of the 

application should be also considered to fit conservation guidelines.229 

In addition to the research results presented in this doctoral thesis, long-term 

studies on the application of the POM-ILs in exterior environments were initiated 

in Ulm (Germany) and in Reims (France). In April 2019, sandstones from the Ulm 

Minster were coated with POM-IL 1 and POM-IL 2 and left on the top of the 

cathedral to study the protection given by the coating over a three-year period. 

In parallel, in June 2019, DO, SA, RO, and BB limestone were also coated with 

POM-IL 1 and POM-IL 2 and kept in outdoor in Reims during a two-year period. 

We are still analysing the data from this two-year experiment, and the results will 

be published in due course. 

One important consideration is the toxicity of some of the POM-ILs, which is a 

concern. For our preliminary studies embedding DOTMG-1 in a PMMA matrix 

to obtain antimicrobial and antibiofilm surfaces, we hypothesise that this could 

reduce the cytotoxicity of the DOTMG-1. First, four DOTMG-1@PMMA films 
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hybrids were prepared, based on different POM-IL/PMMA weight ratios: 0/100 

(film A), 20/80 (film B), 35/65 (film C), 50/50 (film D). Then, the hybrid DOTMG-

1@PMMA films were tested against E. coli, B. subtilis and L. monocytogenes, and 

after four hours of incubation, the bacteria remaining on the surface was rinsed 

and sown on solid media. As expected, for the control film (A = 100% PMMA; no 

DOTMG-1), the bacterial concentration remained constant (at ∼106 CFU/mL), 

and all the films containing DOTMG-1 (B, C, D) displayed a 100% reduction for 

each of the three bacteria that were assayed. We can conclude that the POM-IL 

maintained its antimicrobial properties once embedded on the PMMA matrix, 

but further experiments will be required to confirm if hybrid POM-IL@PMMA 

films do indeed present lower cytotoxicity than the parent POM-IL.226 

Standardised assays and protocols should be applied to study the antimicrobial 

properties of the compounds. This is particularly relevant because choosing the 

wrong antimicrobial assay may result in compounds with biocidal potential to 

be discarded, for example if the compound does not diffuse into agar (e.g., zone 

of inhibition assay), or is not soluble on the culture media (e.g., formation of 

micelles). On the other hand, determining the biocidal ability of a compound is 

essential, and often, in the literature, only the bacteriostatic or fungistatic action 

is studied. Applying the wrong compound, or an insufficient concentration of the 

correct one, to any given surface, could lead to the development of antimicrobial 

resistance, therefore the concentration, number of applications, type of material 

and the intensity of microbial growth already present on the heritage surface 

must be investigated.97 The majority of the literature in this area are focused on 

classical heritage materials such as stone, paper, wood, textile or glass, but it 

should be noted that new materials classes present in contemporary artwork 

(mostly plastic polymers, acrylic resins, other organic substrates and varnishes) 

also require significant attention to prevent their biodeterioration and so 

appropriate new compounds and materials should be developed.230The effect of 

climate change could worsen the biodeterioration problem and should also be 

considered. Climate changes alter the structure and function of microbial 

communities.37 For example, an increase on the breakouts of fungi has been 

observed due to extremely raining days. Climate change can also indirectly affect 

the material deterioration due to fluctuation of temperature, rainfall and 

humidity.231–233. Therefore, adaptation of cultural heritage conservation to climate 

change is necessary to mitigate harmful impacts and to increase its endurance.234 
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In summary, a multidisciplinary scientific approach is required to guarantee the 

preservation of the wide variety of cultural heritage objects and architectures 

around the world. Such approaches require the collaboration of researchers from 

the fields of chemistry, microbiology and restoration and conservation. Only by 

contemplating all these aspects we will be able to protect our heritage without 

putting it at risk. 
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polyoxometalate-ionic liquids on historical brick”. Molecules, 2020, 

25(23), 5663. 
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The contribution of the doctoral student in “Article 6” was the analysis of the 

POM-ILs disinfectant effect by Environmental Scanning Electron Microscopy 

(ESEM) and collaboration in the writing and revision of the paper. 
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Appendix 3: Polyoxometalate-Ionic Liquids (POM-ILs) as Anticorrosion and 

Antibacterial Coatings for Natural Stones
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Appendix 4: Water Purification and Microplastics Removal Using Magnetic 

Polyoxometalate-Supported Ionic Liquid Phases (magPOM-SILPs) 
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Appendix 5: On-POM Ring-Opening Polymerisation of N-Carboxyanhydrides
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Appendix 6: Decoupling manufacturing from application in additive 

manufactured antimicrobial materials 
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Appendix 7: Bacterfield - ¡Las bacterias entran en juego! 

Actividad de divulgación creada por Isabel Franco Castillo y Elena Atrián Blasco 
 

Breve resumen de la actividad 

¿Quién dijo que los juegos de estrategia y educativos no podían ir juntos? ¡Esta es la 
idea detrás de Bacterfield! Bacterfield es un juego de mesa que usa bacterias y su 
comportamiento real como elementos principales del juego, para construir la dinámica 
de un juego clásico de estrategia.  

 Bacterfield comenzó como un juego de 
mesa desarrollado por dos Elena Atrián 
Blasco e Isabel Franco Castillo, 
investigadoras del INMA-CSIC/UNIZAR, 
para ser usado como herramienta de 
divulgación. El proyecto inicial contó 
con la financiación de la 3ª 
convocatoria Cuenta la Ciencia de la 
Fundación General CSIC. A partir de 
este proyecto han surgido otras 

importantes iniciativas como la futura comercialización del juego de mesa, que estará 
disponible próximamente en formato de campaña de microfinanciación, o una versión 
print-and-play disponible en 24 idiomas con la colaboración de la iniciativa Science is 
Wonderful! Live de la Comisión Europea. 

 
Fecha de realización: en activo desde enero de 2020 
 
Lugar de realización: Zaragoza 
 
Público destinatario de la acción divulgativa o proyecto educativo:  

Bacterfield es un juego de mesa de estrategia y, por lo tanto, de interés para un público 
muy variado, desde estudiantes de educación secundaria hasta familias y grupos de 
amigos. Lo más importante, además, es que no se necesitan conocimientos previos en 
ciencia ni microbiología para poder jugar, sino que estos se adquieren a través del juego. 
Además, se está desarrollando una versión print-and-play, que estará disponible en los 
24 idiomas oficiales de la Unión Europea, para convertir Bacterfield en un recurso 
educativo gratuito para todos los países de la Unión Europea. Esta versión está destinada 
a divulgación en colegios para estudiantes de entre 12 a 18 años. 

Objetivos 

 

Aunque no los veamos a simple vista, los microorganismos están presentes en nuestra 

vida desde que nacemos. Estuvieron aquí antes que nosotros y se han adaptado a vivir 

Acercar el campo de la microbiología, tan desconocido, pero a la vez tan 
importante en nuestro día a día, a un público general, de manera sencilla y 
divertida.  
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en las condiciones más extremas, en las que ningún otro ser vivo sería capaz de 

sobrevivir.  A pesar de que algunos pueden resultar perjudiciales para nosotros, otros 

muchos son capaces de hacer cosas fascinantes, como producir la enzima necesaria para 

realizar las ahora tan famosas PCRs o sintetizar insulina para tratar la diabetes. Es más, 

sin ellos la vida tal y como la conocemos no sería posible: por ejemplo, el ser humano 

depende de las bacterias que constituyen la flora intestinal para digerir correctamente 

los alimentos, y la gran mayoría de seres vivos dependen de vitaminas que únicamente 

pueden sintetizar las bacterias. 

Entender cómo funciona este fascinante mundo microscópico nos puede ayudar a 

comprender y resolver problemas tan relevantes como la resistencia a los 

antimicrobianos, declarada por la Organización Mundial de la Salud como una de las 10 

amenazas más importantes a la salud pública en el mundo,  y que se está acelerando 

debido, en parte, a un desconocimiento sobre el correcto uso de los antibióticos. 

El objetivo principal de la actividad Bacterfield es la divulgación sobre microbiología, 

acercando conceptos como la resistencia a antibióticos o la generación de biofilm 

(ecosistemas bacterianos organizados que otorgan protección a las bacterias), a un 

público general y no especializado de una forma divertida, usando estos conceptos 

como la dinámica y estrategia de un juego de mesa, lo que permite reforzar los 

conocimientos que se desean impartir de una manera más eficiente. 

Resumen del alcance y resultados 

 

Resultados principales:  

- Creación de un juego de mesa de estrategia clásico que usa a las bacterias y sus 
acciones para generar la dinámica del juego.  

- Desarrollo de proyectos paralelos a Bacterfield: Bacterfield print-and-play, versión 
online, campaña de microfinanciación. 

Alcance actual y potencial, se estima un número de beneficiarios muy alto debido a: 

- Las acciones divulgativas llevadas a cabo hasta el momento (más de 200 personas). 
- La presencia en redes sociales y medios de comunicación y participación en eventos. 
- La distribución del juego en 50 municipios dentro del proyecto Ciudad Ciencia del 

CSIC. 
- Implementación a nivel europeo de Bacterfield print-and-play durante el 2022. 
- Lanzamiento internacional de la campaña de microfinanciación a principios del 2022. 
- El reconocimiento como “Best physical piece” dentro del concurso #MicrobeArt2021 

organizado por la Federación de Sociedades Europeas de Microbiología. 
- El reconocimiento como accésit en la categoría de Divulgación, de los premios Tercer 

Milenio 2021, organizados por el Heraldo de Aragón. 

https://www.who.int/es/news-room/fact-sheets/detail/antimicrobial-resistance
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Descripción de la acción divulgativa o proyecto educativo 

 
 
El proyecto comenzó como una propuesta para el diseño y producción de un prototipo 
de juego de mesa con el que ayudar a explicar conceptos básicos de microbiología tales 
como el crecimiento bacteriano y la producción de biofilm, así como la importancia de 
la investigación de nuevos materiales antimicrobianos. 

Durante los primeros meses del proyecto se llevó a cabo el diseño del juego de mesa, 
poniendo cuidado y énfasis en el rigor científico detrás de su dinámica. Por ejemplo, se 
ha tenido en cuenta el crecimiento exponencial de las bacterias como una de las 
características importantes de la estrategia del juego, así como la capacidad de generar 
biofilm para protegerse frente a diferentes agentes externos. El hecho de utilizar las 
bacterias y su comportamiento habitual en la vida real, aplicado a la dinámica y 
estrategia del juego, es una de las señas de identidad de Bacterfield. 

El juego (desarrollado en español y en inglés, para facilitar su difusión a nivel 
internacional), de 2 a 4 jugadores, está formado por un tablero, fichas de bacterias de 
tres tipos diferentes, fichas de matriz de biofilm y distintos tipos de cartas de juego 
(Figura 1). Durante la partida, los jugadores podrán multiplicar sus bacterias para 
colonizar el tablero, y esto lo harán replicando el crecimiento exponencial de las 
bacterias. Además, las cartas de juego permitirán a nuestras bacterias protegerse o 
luchar contra las bacterias rivales, ganando genes de resistencia o de producción de 
antibióticos, produciendo matriz de biofilm para defenderse o eliminando bacterias 
rivales con la ayuda de agentes antimicrobianos o infectándolas con virus bacteriófagos. 

La financiación inicial permitió el diseño profesional de las ilustraciones del juego, así 
como la producción de 40 copias del prototipo final y la realización de un vídeo 
explicativo. 

 

 

 

 

 

Bacterfield - ¡Las bacterias entran en juego! es un proyecto de divulgación cuyo objetivo 

es acercar el tan desconocido y a la vez tan importante mundo de la microbiología a un 

público general, de manera sencilla y divertida, mediante la creación de un innovador 

juego de mesa y la realización de numerosas actividades para su diversificación y 

difusión. 

Este proyecto ha sido ideado y llevado a cabo por dos jóvenes investigadoras aragonesas 

del Instituto de Nanociencia y Materiales de Aragón.  
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Enlaces donde ampliar información 

Página web del proyecto www.bacterfieldthegame.com 

Vídeo promocional https://www.youtube.com/watch?v=gexY3rqUtK8 

Twitter @BacterfieldGame 

Instagram @bacterfield_game 

Ganadores Premios 
#MicrobeArt2021 

https://fems-microbiology.org/and-the-winners-of-
microbeart2021-are/ 

Página de prelanzamiento, 
campaña de 
microfinanciación 

https://www.kickstarter.com/projects/zierzolab/bacterfield 

Heraldo de Aragón 
(03/05/2021) 

https://www.heraldo.es/noticias/aragon/2021/05/03/investigador

as-del-inma-crean-bacterfield-un-juego-de-mesa-que-permite-dar-

a-conocer-el-mundo-de-la-microbiologia-1489321.html 

Aragón TV noticias 
(08/06/2021) 

https://youtu.be/C6ePn9B5hTo 

 

 

 

Figura 1. Componentes del juego de mesa Bacterfield 

http://www.bacterfieldthegame.com/
https://www.youtube.com/watch?v=gexY3rqUtK8
https://twitter.com/BacterfieldGame
https://www.instagram.com/bacterfield_game/
https://fems-microbiology.org/and-the-winners-of-microbeart2021-are/
https://fems-microbiology.org/and-the-winners-of-microbeart2021-are/
https://www.kickstarter.com/projects/zierzolab/bacterfield
https://www.heraldo.es/noticias/aragon/2021/05/03/investigadoras-del-inma-crean-bacterfield-un-juego-de-mesa-que-permite-dar-a-conocer-el-mundo-de-la-microbiologia-1489321.html
https://www.heraldo.es/noticias/aragon/2021/05/03/investigadoras-del-inma-crean-bacterfield-un-juego-de-mesa-que-permite-dar-a-conocer-el-mundo-de-la-microbiologia-1489321.html
https://www.heraldo.es/noticias/aragon/2021/05/03/investigadoras-del-inma-crean-bacterfield-un-juego-de-mesa-que-permite-dar-a-conocer-el-mundo-de-la-microbiologia-1489321.html
https://youtu.be/C6ePn9B5hTo
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