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Foreword

Biodegradation is a general action strictly linked to the presence of active organ-
isms, and is not only unavoidable, but represents a fundamental process in the bio-
sphere. When this process acts on “valuable” objects, it is called biodeterioration.
The consequences it produces can be devastating, and the process is particularly
unkind when the object belongs to the cultural heritage field. Climatic factors (tem-
perature, humidity, rain, sun exposure, air pollutants) can create favourable condi-
tions for the development of several organisms on different surfaces. Firstly inducing
aesthetic damage (vegetative structures, coloured patches, and patinas and crusts)
and successively, physical-chemical alterations of cultural substrates due to their
metabolic activities. This argument is clearly described and detailed in this book,
where the authors illustrate the role and function of the main groups of microorgan-
isms usually populating heritage objects and their relationship with the surrounding
environment, also taking into account possible risks for human health. Recently, the
application of molecular technology, such as the loop-mediated isothermal amplifi-
cation of DNA, has been used to identify microorganisms dwelling in cultural heri-
tage assets and environments. This methodology, at present, provides a statistical
database of new and unculturable microorganisms. Different approaches have been
adopted to isolate, identify, and quantify this wide group of organisms, and several
methodologies and products (synthetic and natural) have been used to eliminate and
prevent such biological colonization. In addition, innovative biological approaches
are used as tools for the biocleaning of art work surfaces.
Finally, specific case studies are commented on in the last chapter.

Florence, Italy Piero Tiano



Preface

Over the past few decades, biotechnology has provided innovative techniques useful
for diagnosing cultural heritage deterioration induced by microbiological systems
and for defining efficient conservation/restoration strategies. Seen from this per-
spective, the International Congress on Molecular Biology and Cultural Heritage
held in Seville (Spain) in 2003 represents a milestone.

This book comes from the experience gained in the last decade of basic and
applied research, developed in the Laboratory of Biology and Biotechnology for
Cultural Heritage (LaBBCH), within the framework of national and international
research projects and in collaboration with other Italian and foreign research institu-
tions. In particular, biotechnology has found successful application in at least three
areas in the conservative restoration of works of art, such as the characterization of
biodeterioration, the analysis of bioaerosols, and the development of innovative
protocols for biocleaning and bioremoval.

A biotechnological approach to biodeterioration minimizes sample amount, con-
tributing to understanding the contamination and complexity of microbial commu-
nities colonizing the cultural assets, as well as revealing unculturable species in both
organic and inorganic substrates. This approach, based on genomic DNA analysis,
has also proven useful in recognizing microbial systems in the aerosol of indoor
cultural heritage environments, particularly for those representing a potential health
risk for visitors and professionals.

It is well known that the removal of undesired layers can be performed by viable
bacterial cells or purified enzymes (hydrolases), thus contributing to the develop-
ment and definition of specific biocleaning/bioremoving protocols. The application
of novel bioactive molecules isolated from marine organisms has recently been
employed, opening up new perspectives for the enzymatic removal of undesired
layers.

This book also presents the use of plant extracts, already utilized as a biocide in
the food, medicine, and pharmaceutical industries, as a strategy for controlling the
microbial colonization of cultural heritage, representing a potential alternative to
traditional biocides.

There is no doubt that biotechnology provides a plethora of information useful
for setting up appropriate strategies that are totally safe for works of art, restorers,
and environment, and require only a short time of application, straight to green
conservation strategies in a sustainable restoration prospective.

vii



viii Preface

Case studies are reported in the final chapter in order to demonstrate that a bio-
technological approach may represent a valid alternative to traditional procedures
generally used in the conservation/restoration of cultural assets.

In this book, I have tried to present current knowledge in the field, highlighting
the extraordinary power of DNA and of the novel bioactive molecules when applied
to the conservative restoration of cultural assets. I apologize to the authors of those
papers who have escaped my attention, and also to those whose papers I have not
quoted accurately.

This book is dedicated to Roberta, Emanuele, and Federica, in exchange for the
time I spent away from them.

Palermo, Italy Franco Palla
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Abstract

The biodeterioration of organic and inorganic materials, as well as polymers, is
a complex of alteration processes induced by the growing and metabolic activ-
ity of organisms. It can be recognized on monuments, wall paintings, stone,
wood, paper, vegetal/animal fibers, and parchment artworks. As defined by
Hueck (1968), biodeterioration is “any undesirable change in the properties of
a material caused by the vital activities of organisms”; this definition is
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accepted as the meaning of the phenomenon. Both macroorganisms (such as
animals, plants and mosses) and microorganisms (such as autotrophic or het-
erotrophic bacteria, microfungi, cyanobacteria, algae and lichens) represent
the triggers of biodeterioration for cultural heritage. Understanding the mor-
phological and physiological features of the biodeteriogens is required to
establish the kind of interaction that occurs with the material and to assess the
cause-effect of the biodeterioration action of a specific identified biological
agent. For a complete evaluation of biodeterioration, a proper sampling and
identification of the majority of biodeteriogens are required. Therefore, in
order to apply a prompt and effective conservation to limit further damage,
evaluating and quantifying the presence of biological systems that induce dam-
age in heritage materials is indispensable.

1.1 Biological Systems as Deteriogens

An object can represent a microcosmos in which several types of vital organisms —
and their metabolic excretes or products — coexist, in response to climatic or envi-
ronmental parameters and to chemical or physical materials properties. Both
artifacts of artistic-historical value stored in museums or galleries, and monu-
ments or historical buildings exposed outdoors, are largely subjected to deteriora-
tion processes by macro- and microorganisms (e.g., rodents, birds, plants, insects,
lichens, algae, bryophytes, fungi, bacteria, cyanobacteria) commonly known as
biodeteriogens. Biological systems are able to initiate, support, and accelerate
some chemical and physical reactions, representing a serious threat for the integ-
rity and conservation of cultural assets, in both indoor and outdoor sites (Dakal
and Cameotra 2011).

The biodeterioration of a wide range of cultural heritage materials has been
largely investigated, and the effects of biodeterioration caused by living organisms
are well documented (Lombardozzi et al. 2012; Piervittori et al. 1996). In relation
to nutritional requirements and metabolic properties, organisms show different
responses to colonized materials and cause different types of damage; knowledge of
the biodeteriogens, their nutritional requirements, their growing settings, and their
manifestation once they have colonized cultural items is indispensable to recognize
the severity of the biodeterioration process.

The biodeteriogens’ varieties should be grouped according to their attendance in
different materials and to their type of damage: Table 1.1 shows the main groups of
biodeteriogens.

In biological colonization, there are always some pioneer cells that facilitate the
colonization of other organisms, especially in those materials (e.g., stone) that do
not support the growth of heterotrophic organisms but can support food and organic
energy sources for them in the form of other microbes, insect fragments, and bird
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Table 1.1 Major biodeteriogens affecting cultural heritage materials and related physical and
chemical damages

Physical damage Chemical damage Damaged materials
Higher plants Cracks, detachment | Roots excrete organic | Natural and artificial
of stone acids stones
Animals and Holes, losses and Droppings and urine Stone, wood, paper,
insects surface erosion and parchment and leather,
disintegration, vegetal and animal
structural damages fibers, and more
Mosses and Physical intrusion Extraction of mineral Natural and artificial
liverworts by rhizoids from substratum, stones
production of carbonic
acid
Lichens Cracks and fissures | Releasing of highly Limestone, sandstone
corrosive organic acids
Algae and Powdering Staining, disintegration | Natural and artificial
cyanobacteria of stone stones, wall paintings,
wood
Fungi Contraction and Production of organic | Stone, wall paintings,
expansion of and inorganic acids wood, paper, parchment
thallus, fissures, and pigments, and leather, vegetal and
loss of materials chelating properties animal fibers, and more
Heterotrophic - Staining, production of | Stone, wall paintings,
bacteria acids and pigments wood, paper, parchment
and leather, vegetal and
animal fibers, and more
Autotrophic - Production of organic | Stone, wall paintings,
bacteria and inorganic acids, wood, paper, parchment
biofilm formation, and leather, vegetal and
staining animal fibers, and more

droppings (Sharma et al. 1985; Hochella 2002; Vaughan et al. 2002; Warscheid and
Braams 2000).

The bioaerosol is also a potential source of biodeteriogens, due to the large num-
ber of biological particles suspended in the air (fungal and bacterial spores, lichen
and algal cells, pollen grains); the spores transported by air or dust can represent a
threat of paper and graphic collections (books, photographs, etc.) preserved in
libraries, archives, and repositories. Throughout, these locations are generally char-
acterized by poor ventilation, and the absence of periodic cleaning can compromise
the integrity of stored objects and in addition can facilitate the proliferation of dan-
gerous fungi. An object evidently has different levels of susceptibility to biodeterio-
ration or colonization, also depending on human contribution in terms of care of
cultural heritage.

The following biological systems have been largely known to induce biodeterio-
ration phenomena on cultural heritage, in both organic and inorganic materials.
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Fig. 1.1 Higher plant
massive growth on
Cambodian temple
(Angkor Park)

1.1.1 Macro-systems

Higher plants pose a severe threat especially for the conservation of archaeological
remains and buildings, as they can involve physical and chemical diseases (Celesti-
Grapow and Blasi 2004; Mishra et al. 1995). The damage caused by plants on mon-
uments or archaeological sites is well known and is linked either to particular
biological forms or to the characteristics of root systems (Caneva et al. 1994).
Archaeological sites are characterized by rich flora and vegetation (Caneva et al.
2003; Capotorti et al. 2013) where the plants can develop in various structures (e.g.,
vertical/inclined wall surfaces, horizontal surfaces) and in different ecological con-
ditions (Fig. 1.1). Lisci et al. (2003) described two types of colonization; the first
regards an attack on the wall structure, usually the result of abiotic factors that cre-
ate suitable conditions for microbial growth (bacteria, fungi, and lichens), which
accelerate the deterioration of the structure and lead to the formation of a substrate
for the germination of seeds. It is well known that some wall plants, especially
perennial ones, with their radical apparatus and biomass can compromise the integ-
rity and structural stability of ancient monuments (Mishra et al. 1995; Caneva et al.
2006). The second mode of colonization ensues mostly on horizontal surfaces with
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a water supply; the pioneer plants are mosses that trap atmospheric dusts, allowing
the formation of appropriate substrate for the germination of other plants. Moreover,
higher plants with a root system may penetrate deep into the structure and grow,
causing physical and chemical damage, through the exudation of organic acids. The
deep penetration of the roots of tree species (such as Pinus pinea and Quercus ilex)
can be dangerous for hypogenous structures, producing the detachment of plaster
and the collapse of walls, their mechanical force can open cracks, cause crumbling,
loosen stones and large fragments of the wall (Tiano 1986; Bettini and Villa 1976;
Caneva and Galotta 1994; Lisci et al. 2003; Almeida et al. 1994).

Mosses and liverworts (bryophytes) are able to penetrate some types of stone
with their rhizoids. The damage they cause is mainly associated with aesthetic
appearance (usually green-gray patches). The capacity of the mosses to accumulate
calcium ions from the substratum is associated with their biodeterioration capacity;
the carbonic acid produced as a result of their cellular respiration can cause damage
to stone. Moreover, the death of mosses causes indirect damage to monuments and
stones by enriching and increasing the humus content which supports the growth of
successive higher plant species (Dakal and Cameotra 2012).

As regards the role of animals in the biodeterioration of cultural heritage, direct
and indirect actions can be distinguished; for example, the direct action of birds is
both physical, caused by crushing and scraping, and chemical, caused by the release
of acid excrements containing high amounts of nitrate and phosphate compounds.
Indirect damage occurs as a result of organic substances accumulated on stone sur-
faces, which can serve as nutritive substrata for heterotrophic microflora.

Molds affecting archival and library materials can display different types of interac-
tion with insects that feed on the materials of stored objects, and the biological particles
can be vehicle by visitors or, sometimes, by synanthropic rodents, eating wood, leather,
and other soft organic materials. Many insects are able to damage wood using it as a
nutrient source and for shelter and egg laying. The way adult insects or larvae digest
cellulosic compounds varies (Allsopp et al. 2004). Among insects, silverfishes are a
threat to any heritage collection; in particular they eat glue and starch in books and in
paper objects; termites eat cellulose-based materials (e.g., wooden furniture and arti-
facts, textiles, ethnographic artifacts); beetles can cause extensive damage to a variety
of proteinaceous materials (e.g., wool, feathers, silk) and cellulosic textiles.

Furthermore, submerged or waterlogged materials, such as ceramics and wood, can
suffer damage by several marine organisms that use them as a support for their growth.
Depending on their chemical composition, the submerged stone artifacts are susceptible
to the action of corrosion by perforating animal and plant organisms, such as sponges
and bivalves that can induce macroboring (Ricci and Davidde 2012; Casoli et al. 2015).

1.1.2 Micro-systems

The term “microorganism” covers a wide variety of life forms, including bacteria,
cyanobacteria, algae, lichens, and fungi. All cited microorganisms have different
ecological properties and cause different damage in organic and inorganic materials
of cultural heritage.
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Favorable environmental conditions and the presence of energy sources with
organic or inorganic nutrients allow the biological settlement of an exposed surface
(Urzi and Krumbein 1994). The consequence of the biological activity is the forma-
tion of biofilms, colored patinas, encrustations and the presence of vegetative and
reproductive bodies. In addition, fungi and bacteria are commonly isolated from
libraries, archives, and museums’ collections. Moreover, in indoor environments,
the high presence of certain microbial species may involve irritation of the eyes and
respiratory tract and can induce headaches, drowsiness, skin rash, and itching of the
skin (Green and Scarpino 2002).

1.2 Microbial Colonizers

Microorganism biodiversity includes bacteria, archaea, and eukaryotes, which are
extraordinarily diverse in their requirements for growth, and their proliferation is
greatly affected by the nutrients available in their environment. Different kinds of
microorganisms colonize artworks: chemoheterotrophic bacteria, chemolithotro-
phic bacteria, phototrophic bacteria, algae, and fungi. In the case of microbial-
induced biodeterioration, alteration processes can arise when environmental
conditions are favorable to growth (Nielsen et al. 2004; Nittérus 2000; Caneva et al.
1994) or when the existence of nutrients favors the colonization (Saiz-Jiménez
1993; Sterflinger and Pifar 2013). Microbial development depends on a combina-
tion of factors including the relative humidity (RH, %), temperature fluctuation,
natural or artificial lighting, moisture content, dust content, osmotic pressure, and
carbon dioxide concentration in the atmosphere (Valentin 2003; Woese 2000;
Caneva et al. 2008).

1.2.1 Algae and Cyanobacteria

Among micro-biodeteriogens, photosynthetic ones are potentially the most aggres-
sive, due to their ability to develop on stone surfaces, causing colored patinas and
incrustations (Tomaselli et al. 2000). Algae and cyanobacteria are usually the first
colonizers of historical monuments due to their photosynthetic nature, causing aes-
thetic damage and indirectly supporting the growth of other microorganisms (Urzi
and Krumbein 1994). These organisms can develop on exposed stone when a suit-
able combination of dampness, warmth, and light occurs and inorganic nutrients
(e.g., calcium and magnesium minerals) are present. Algae may also cause bio-
chemical deterioration, producing small quantities of organic acids (they dissolve
and powder the stone), proteins, and sugars, which can promote the growth of
bacteria.

Cyanobacteria are organisms traditionally included among algae, but they have a
cell structure typical of bacteria. Cyanobacteria are a morphologically diverse group
of phototrophic prokaryotes with the ability to synthesize chlorophyll a and phyco-
bilin pigments. Depending on the kind of organism and on the cycle phase,
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dark-green-, brown-, gray-, and pink-colored patinas may occur (Huer 2008). All
cyanobacteria are unicellular, though many grow in colonies or filaments, often
surrounded by a gelatinous or mucilaginous sheath.

The photosynthetic activity of these microorganisms enriches the substrate with
organic carbon in various forms, and subsequently the growing biomass entraps
dust and soil particles providing further nutrient enrichment (Hirsch et al. 1995;
Souza-Egipsy et al. 2004). The tolerance to desiccation, ability to utilize efficiently
low light intensity and tolerate high levels, and resistance to high temperatures are
important features of cyanobacteria which explain their widespread occurrence
(Lamenti et al. 2003). Cyanobacteria have the ability to survive under drying and
rehydration conditions on exposed monument surfaces and can protect themselves
from harmful UV radiation by pigment production; they are also recognized in
hypogeal environments (Albertano et al. 2003; Hoffmann 2002; Roldan et al. 2004).

1.2.2 Bacteria

Bacteria are a group of prokaryotic unicellular or colonial organisms of various
shapes, classified into five groups according to their shapes: cocci, bacilli, spirilla,
vibrios, or spirochaetes. The bacterium has a fairly thick cell wall made of peptido-
glycans (carbohydrate polymers cross-linked by proteins); such bacteria retain a
purple color when stained with a dye known as crystal violet and are known as gram
positive (staining procedure). Other bacteria have double cell walls, with a thin
inner wall of peptidoglycan and an outer wall of carbohydrates, proteins, and lipids.
Such bacteria do not stain purple with crystal violet and are known as Gram nega-
tive (La Placa 2005).

Bacteria involved in deterioration of monuments and artworks mainly belong to
three nutritional groups: photoautotrophs, chemolithoautotrophs, and chemoor-
ganotrophs. Various species in photoautotrophs and chemolithoautotrophs groups
(cyanobacteria, sulfur-oxidizing, and nitrifying bacteria) produce strong inorganic
acids (sulfuric and nitric, respectively). Chemolithoautotrophic bacteria can derive
their energy from the oxidation of reduced inorganic substances, using carbon diox-
ide as main carbon source. Endolithic nitrifying bacteria are the main representa-
tives of the chemolithoautotrophic microflora in building stones; Kauffmann (1952)
and Wagner and Schwartz (1965) first indicated the significance of nitrifying bacte-
ria for biodeterioration.

Chemoorganotrophic bacteria produce several organic acids that can solubilize the
mineral components of stones, such as the genera Flavobacterium, Pseudomonas, and
Microbacter (Tiano and Tomaselli 1989; Tayler and May 1995; Swings and
Descheemaeker 1995; Ortega-Calvo et al. 1993). Among the microorganisms dwelling
on stone monuments, the autotrophic ones are considered the pioneering inhabitants.

Biodeterioration of organic substrates is a process involving several types of bac-
teria and represents a severe problem for archives, museums, and libraries. Bacteria
also display wide diversity in enzyme production, including lipases, proteases, and
oxidoreductases (Neelakanta and Sultana 2013). Intense research on advanced
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microbiological systems based on the use of microorganisms for the removal of
alterations on works of art has shown them to be a viable alternative for cultural
heritage restoration (Ranalli and Sorlini 2008; Palla et al. 2013, Martino et al. 2015;
Barresi et al. 2015).

1.2.3 Fungi

Fungi are usually classified in four divisions: the Chytridiomycota, the Zygomycota,
the Ascomycota, and the Basidiomycota. There are also two conventional groups
which are not recognized as formal taxonomic groups; these are the Deuteromycota
and lichens. Deuteromycota include all fungi which do not reproduce themselves
sexually, and lichens are a group of composite organisms formed by the associa-
tion of algae and fungi. Frequently associated with biodeterioration of rocks and
outdoor stone, lichens are highly resistant to desiccation and extreme tempera-
tures. They are able to produce pigments, such as chlorophyll, carotenoid, and
melanin, that may generate chromatic variations toward yellow, orange, red, or
even brown (Krumbein 2003; Tiano and Tomaselli 1989; May et al. 1993; Palla
et al. 2010).

Fungi are metabolically more versatile than other biodeteriogens because they
are able to colonize on a wide variety of substrates (Sterflinger 2010; Onofti et al.
2014). They can exert both a biomechanical action through the disaggregation and
reaggregation of the mineral fraction of stones and a biochemical action by produc-
ing metabolic organic and inorganic acid and by the absorption of metals by mycelia
felts (Burford et al. 2003; Sterflinger 2000). Due to their enzymatic activity, fungi
are also able to inhabit and to cause decay in paintings, textiles, paper, parchment,
leather, oil, casein, glue, and other materials used for historical- artistic objects.
Several fungal metabolic products are strongly colored, and the phenomenon of
staining produced on the damaged areas on monuments can be the consequence of
fungal development. In indoor environments (e.g., archives), when relative humid-
ity increases and no adequate ventilation occurs, the conidia may be deposited more
quickly on documents and deteriorate the document supports (Borrego et al. 2012).

Fungal flora inside environments are representative of the outdoor atmosphere,
since airborne spores penetrate through doors and windows and the spores in the
airborne particulate can cause an increase in allergies and respiratory and skin dis-
eases, headaches, asthma, and weariness (Borrego et al. 2012).

1.3 Microbial Metabolic Activities and Deterioration
of Cultural Assets

Both in organic and inorganic matters, evidence of biodeterioration is related to
physical and chemical processes induced by microorganisms; physical damage is
generally induced by growth or penetration within the material with formation of
micro-fractures, loss of cohesiveness, and disaggregation of the substrate
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(Lopez-Miras et al. 2013; Cataldo et al. 2005). Physical damage caused by micro-
bial colonization is less extensive than chemical damage, which can arise when
products of metabolic activity interact with the material, causing alteration of the
substrate, which at times is irreversible. Biochemical deterioration induced by
microbial colonization consists both in digestion processes, when microorganisms
use the substrate as nourishment, especially when organic compounds are utilized,
and in metabolic excretions, waste products, or other substances (e.g., organic and
inorganic acids, pigments) (Strzelczyk 2004; Saiz-Jimenez 1999; Perry et al. 2003).
Many factors can contribute to biodeterioration, including the properties of the
original materials, sources of nutrients, and the environmental conditions in which
the objects are stored or exposed (Warscheid and Braams 2000; Prieto et al. 2006;
Pavlogeorgatos 2003). However, the complete understanding of biodeterioration
processes is difficult, being the result of complex microbial interactions (Mandrioli
et al. 2003; Warscheid and Braams 2000).

1.3.1 Inorganic Substrates

Artworks made of inorganic materials are exposed to natural processes of biodete-
rioration, especially when they are located outside (Cutler et al. 2013; Kumar and
Kumar 1999; Dakal and Cameotra 2012). The biodeterioration process affects mon-
umental stones, statues, historical buildings, wall paintings, archaeological remains,
and, to a lesser extent, glasses and metals (Giustetto et al. 2015; Biswas et al. 2013;
Gorbushina and Palinska 1999; Gorbushina et al. 2004; Pifiar and Sterflinger 2009).

Numerous parameters influence the succession of microorganisms on stone;
firstly the properties of the stone itself determine the colonization pattern. The min-
eral composition, structure-texture, porosity, and permeability of stone may influ-
ence the distribution of such organisms in the monuments (Miller and Macedo 2006).
Favorable environmental conditions and the presence of nourishment sources allow
the biological colonization of an exposed stone surface (Miller et al. 2000; Palla et al.
2003; Anagnostidis et al. 1991). It is known that biological growth on stone is highly
dependent on climatic and microclimatic conditions, such as humidity, temperature,
light, and atmospheric pollutants (Moroni and Pitzurra 2008; Mansch and Bock
1998; Zanardini et al. 2000; Nuhoglu et al. 2006). To avoid microbial proliferation,
it is necessary to control environmental factors, which becomes difficult in archaeo-
logical sites or in urban spaces, but is more easily achieved in closed environments
where the control of climatic and microclimatic conditions is easier (Salvadori and
Charola 2011). Occasionally, the metabolic activities of microorganisms (autotro-
phic and heterotrophic) induce different types of damage: physical, when pressure is
exerted by the growth of vegetative structures (e.g., lichenic and fungal thalli); chem-
ical, when the excretion of enzymes, the production of inorganic and organic acids,
and the liberation of chelating compounds occur; and aesthetical, as in the effect of
releasing pigments (colored patches or patinas) (Ascaso and Wierzchos 1995;
Ortega-Calvo et al. 1995; Albertano and Urzi 1993). Microbial colonization of cul-
tural stone heritage may cause aesthetic changes due to the growth of pigmented
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Fig. 1.2 Differently
pigmented biological
systems (algae and
cyanobacteria) colonizing
wall surface in hypogeal
environment

microorganisms; cyanobacteria, algae, fungi, lichens, and some pigmented bacteria
are responsible for these effects (McNamara and Mitchell 2005; Crispim and
Gaylarde 2005). The algae and cyanobacteria can be considered the pioneering colo-
nizers of a stone surface (Tomaselli et al. 2000), and as a result of their development,
green-, brown-, and gray-colored patinas may also occur (Fig. 1.2) (Hauer et al.
2015; Golubic et al. 2015). Lichens can be identified by directly observing the stone
surface and are regarded as major biodeterioration agents in outdoor stone monu-
ments (de los Rios et al. 2009; Chen et al. 2000). Lichens and fungi can cause serious
degradation by physical penetration: fungal hyphae are able to penetrate deeply
beneath the stone surface, contributing to mechanical deterioration. This penetration
simultaneously allows the transport of water and nutrients through the stone, facili-
tating internal colonization (Fernandes 2006).

Many microorganisms play an important role in the deterioration of stone often
through the action of organic and inorganic acids produced as metabolic products
(Adamo and Violante 2000; Sazanova et al. 2014). Generally, most microorganisms
excrete organic acids while metabolizing organic and inorganic compounds. Organic
acids react with the substrate through the action of protons and chelation of metal
ions. The excretion by the lichen of low-molecular-weight organic carboxylic acids,
such as oxalic, citric, gluconic and lactic acids, with combined chelating and acidic
properties, is a phenomenon of high intensity (Adamo and Violante 2000).

The production of inorganic acids is limited to some systematic groups, in par-
ticular to sulfobacteria and nitrobacteria; due to the action of nitrous and nitric acid
excreted by nitrifying bacteria (Nitrosomonas spp. and Nitrobacter spp.), as well as
sulfuric acid by sulfur-oxidizing bacteria (Thiobacillus spp.), stone dissolution and
the formation of nitrate salts of stone (biocorrosion) can ensue (Fernandes 2006;
Mansch and Bock 1998; Bock et al. 1990). Endolithic nitrifying bacteria are the
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main chemolithoautotrophic microflora in building stones. On the other hand, het-
erotrophic microorganisms develop on inorganic materials if nutrients, e.g., settled
particulate matter, organic residual substances, and organic resins, glues, or binders
by restoration practices, have been deposited on them (Caneva et al. 1998).

The fungal genera which have been demonstrated to be more abundant on inor-
ganic materials, especially on stone, are Cladosporium, Penicillium, Trichoderma,
Fusarium, and Aspergillus (de 1a Torre et al. 1993; Sazanova et al. 2014; Torre et al.
1993; Gu et al. 1998; Hu et al. 2013; Prasad Gupta and Sharma 2012; Sharma et al.
2011). The reduction and oxidation of mineral cations are characteristic activities of
fungi (de la Torre and Gomez-Alarcon 1994). Several fungal metabolic products are
strongly colored; dark spots are attributed to the presence of fungi of the family of
Dematiaceae, which contains melanin pigments inside the mycelium. Black micro-
colonial fungi (MCF) play an important role in structural and aesthetic alteration
and are considered among the most harmful microorganisms associated with monu-
mental stone biodeterioration (Marvasi et al. 2012; Wollenzien et al. 1995; Isola
et al. 2016; Salvadori and Municchia 2016). The dark gray and black crusts and
patinas generally found on stone monuments, in particular, calcareous stones, can
be derived by secreted dark compounds such as melanins and/or humic acids
(Delgado Rodrigues and Valero 2003).

The organisms are often organized as microbial biofilms that cover the surface of
the material and/or penetrate the substratum (Hoppert and Konig 2006). Biofilms
often excrete polysaccharides, lipids, pigments, and proteins (Hauer et al. 2015).
Through in situ microscopy, the zones where biodeterioration processes take place
can be detected as biofilms composed of different microorganisms; endolithic
microbial colonization seems to be induced by enhanced moisture availability in
cracks and fissures (de los Rios and Ascaso 2005). The enrichment of sulfur- and
hydrocarbon-utilizing bacteria in the biofilms may contribute to dissolution of the
stone (Mitchell and Gu 2000).

Detection and identification of damage induced by microorganisms’ activity
within inorganic substrates is not easy. Anyway, some researchers are using several
methodologies and integrated techniques in order to recognize the different micro-
organisms and their associated biodeterioration (de los Rios et al. 2009; Suihko
et al. 2007; Gutarowska 2010; Fernandes 2006; Herrera et al. 2009).

1.3.2 Organic Matter

Organic-based materials of cultural heritage (e.g., paper, fibers, wood, papyri,
leather and parchment) are generally subject to the aggression of several heterotro-
phic microorganisms that use them as a source of nourishment (Strzelczyk et al.
1997; Manente et al. 2012; Kavkler et al. 2015; Sterflinger 2010; Vukojevi¢ and
Grbi¢ 2010). Additionally, the presence of organic residues (e.g., glue, dirt, dust)
may accelerate the processes of degradation, such as the loss of strength and elonga-
tion, oxidation, discoloration and breakdown of molecular structures (Guiamet et al.
2014).
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Most microorganisms are specialized in producing hydrolytic or proteolytic
enzymes, necessary for the degradation of cellulose or collagen, respectively
(Strzelczyk 2004; Sterflinger and Pinzari 2012). The production of extracellular
enzymes and the extraction of aggressive metabolic products increase the loss of
material (Lopez-Miras et al. 2013). Enzymatic activity (due to cellulases, gluca-
nases, laccases, phenolases, keratinases) plays an important role in the decay of
organic materials, especially for libraries and archives heritage; moreover, if collec-
tions are exposed to high humidity, high temperature, and insufficient air circula-
tion, fungal colonization is more dangerous (Sterflinger 2010; Rakotonirainy et al.
2015; Guiamet et al. 2014). Fungi often cause serious aesthetical spoiling and chro-
matic alteration due to the formation of colonies and fungal pigments. When they
grow on paper, they degrade all its carbon-containing components such as cellulose
by excreting enzymes or organic acids (oxalic, fumaric, succinic, and acetic acids),
which settle over the substrate and acidify (Lépez-Miras et al. 2013; Canhoto et al.
2004; Kavkler et al. 2015). Microscopy is also useful in revealing the biological
structures related to the development of hyphae in cellulolytic fungi (Guiamet et al.
2014). In paper, leather, or fibers, microbial growth mainly appears as patches of
different colors (purple, yellow, brown, black, red, and green), shapes and sizes,
related to the presence of pigmented fungal mycelium and spores or to exo-pigments
produced by bacteria and fungi (Fig. 1.3a, c).

Paper documents have received particular attention in the past, mainly for a
staining phenomenon called foxing. Foxing, a typical phenomenon in paper or in
textile, is the name of random circular and irregular yellowish to brownish-red
stains, fluorescent under ultraviolet rays, on the surface of old books, documents,
maps, etc. (Montemartini Corte et al. 2003; Krakovéa et al. 2012; Rakotonirainy
et al. 2015). The role of fungi, and whether they accompany the formation of stains,
is still not clearly understood. Many authors dealing with the phenomenon of foxing
on paper point out its microbiologic origin, but, in fact, foxing-causing fungi can
rarely be cultured. Karbowska-Berent et al. (2014) showed foxing as well as numer-
ous hyphae and fluffy coatings and were able to isolate five strains, belonging to the
Eurotium, Aspergillus, and Penicillium genera. Due to their enzymatic activity (exo-
enzymes such as cellulases, glucanases, laccases, phenolases, keratinases, mono-
oxygenases), fungi are able to inhabit and decay not only paper heritage but also
paintings, textiles, parchment, oil, casein, glue, and other materials used for histori-
cal art objects.

In paper decay, the most numerous bacteria are heterotrophs (Cytophaga,
Cellvibrio, and Actinomyces). Deterioration by bacteria and fungi leads to loss of
strength of the natural fibers, causing odor emissions, aesthetic damage, staining,
and loss of fiber structure. Fungal damage of textiles can result in discoloration,
staining, and smell due to the production of volatile compounds and the enzymatic
and mechanical degradation of the material through the activity growth of fungi
(Guiamet et al. 2014; Kavkler et al. 2015). Other important properties of fungi are
related to their pathogenicity for workers involved in collection maintenance
(Borrego et al. 2010; Sahab Ahmed et al. 2014).
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Fig. 1.3 Microbial colonization on organic materials: (a) paper document affected of pigmented
spots originated by microorganisms, (b) an oil painting on canvas with fungal colonization on
verso and (c) a lather sword holder completely damaged by white fungal colonization

More complex biodeterioration process occurs in composite materials, such as
paintings on canvas, where it starts on the reverse side, due to the presence of sup-
port polymers and glue; these components can be substrates for microbial growth.
On the other hand, the organic materials present on the recto of the paintings are
susceptible to attack by specialized microorganisms and by occasional contami-
nants (Lopez-Miras et al. 2013). Moreover, fungi penetrate cracks and migrate
underneath paint layers (Fig. 1.3b), rapidly developing when the environmental
relative humidity and temperature increase (RH>70% and T>25 °C).
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The enzymatic degradation by microorganisms regards also hemicellulose and
lignin. The decomposition activity in wood can induce physical-mechanical damage
(brown rot, soft rot, and white rot) and chromatic alterations (chromogenic fungi).
Chromogenic fungi involve chromatic alterations in wooden objects, producing pig-
ments or metabolic substances. These fungi cause the pinkish, bluish, or grayish
discoloration of wood, which may occur either in depth or superficially. Instead,
bacteria belonging to Bacillus, Pseudomonas, Cellulomonas, Clostridium, and
Cytophaga genera may induce several alterations in wooden items, with character-
istic conformation, i.e., erosion and tunneling (Blanchette 2000).

Textiles, particularly those composed of natural organic fibers, such as cotton,
linen, wool, etc., are readily attacked by microorganisms. Microbial growth on tex-
tile items causes loss of strength and elongation, discoloration, and changes in
appearance (Szostak-Kotowa 2004).

The biodegradation of proteinaceous materials — such as vellum, parchment, and
leather — can be induced by bacterial (Bacillus, Pseudomonas, Clostridium,
Streptomycetes) and fungal (Mucor, Chaetonium, Aureobasidium, Thrichoderma,
Epicoccum) strains. Both groups of microorganisms produce many strong enzymes
and acids which can efficiently hydrolyze organic materials, such as extracellular
proteolytic enzymes (collagenase, keratinase, etc.). Among actinomycetes (that find
proper conditions to proliferate in humid and poorly ventilated environments), there
are several strains with strong proteo- and collagenolytic properties, especially
within the genus of Streptomycetes. Chromatic alterations in leather artifacts,
induced by microbial activity, are generally originated by pigmented microbial spe-
cies (Pinar et al. 2015; Koochakzaei and Achachluei 2015), such as Streptomyces
fimicarius, generally isolated from miniature and responsible for red- and purple-
colored stains (Karbowska-Berent and Strzelczyk 2000).

1.4 Integrated Approach to Reveal and Identify Bacteria
and Fungi Colonization on Work of Art Surface

The evaluation of those factors promoting microbial activity and proliferation on
artworks and the understanding of related deterioration mechanisms is essential in
designing appropriate conservation and restoration strategies. Knowledge of micro-
bial contamination of cultural heritage is of great interest, not only in terms of recog-
nizing microbial communities with potential dangerous effects for stored materials
or monuments but also in terms of recognizing microorganisms which represent a
risk for human health. This justifies the need for performing systematic microbio-
logical sampling to estimate the prevalence of microbial contamination (Borrego
et al. 2010); for an evaluation of the biological risk, it is important to measure both
the total microbial load in the indoor environment and on artwork surfaces.

Most of the literature reports on studies identifying biodeterioration on cultural
heritage using invasive sampling and culture methods. However, traditional culture
methods do not always succeed in isolating microbial agents (Michaelsen et al. 2010).
Studies using noninvasive sampling and molecular approaches to investigate the role
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of microorganisms in the deterioration process allow a wider understanding of the
biodeterioration phenomena. Generally, a total understanding of the conservation situ-
ation can be obtained by an integrated approach using traditional culture techniques,
microscopy investigations, and molecular analyses. Instead, the diversity of the culti-
vable microorganisms adhering to a surface can be analyzed directly by molecular
techniques (e.g., RAPD analysis, DGGE fingerprinting). In addition, molecular tech-
niques are increasingly applied in the field of conservation and represent very useful
tools for detecting and identifying different microbial strains, but they can never be
helpful in the evaluation of damage-causing biodeterioration on the substrate. If com-
bined with microscopic observation, molecular analysis enables interrelations between
microorganisms and substrates to be detected (Salvadori 2000).

The study of the mechanisms underlying the microbiological attack of historical
materials has been widely practiced and continues to represent one of the main
focuses of those institutions and laboratories involved in cultural heritage
conservation.

1.4.1 Sampling by Noninvasive Methods

In order to reveal microbial communities and understand their relationship with
colonized substrates, the use of noninvasive sampling techniques is often required
to minimize invasive actions. Depending on the importance, features, materials, and
state of conservation of cultural items, it is not always possible to practice invasive
sampling (e.g., use of scalpel to sample small pieces from substrate). This step is
also required to monitor microbial colonization before and after conservation and
restoration treatments of artistic objects. Several nondestructive methods have been
proposed for direct or indirect evidence of microbial colonization or biofilms on
different substrates. Current sampling procedures involve sterile needles, adhesive
tape, and sterile swabs (Fig. 1.4a, b); the use of these tools is closely related to the
nature of sampling objects (Sterflinger 2010; Pasquarella et al. 2015).

In the case of paper items, needles and adhesive tape may cause severe surface
damage, so it is preferable to use dry swabs, but unfortunately these are very often
ineffective (Michaelsen et al. 2009). In order to overcome this problem, other non-
invasive sampling methods involving the use of nitrocellulose or nylon membrane
filters may be adopted and then transferred onto solid culture media to isolate bac-
teria and fungi (Fig. 1.4c, d), or used to direct DNA extraction (Montanari et al.
2012; Palla 2011).

Nitrocellulose and nylon membranes can be applied to investigate the presence of
viable microbial communities that may be the result of aesthetic or structural damage
on several materials. In particular, the use of these filters is indicated for ancient paper
or leather items (Palla 2006; Pasquarella et al. 2015; Pasquariello et al. 2016).

Microbiologists have generally used sterile adhesive tape to collect samples from
skin, food, or medical devices, to detect pathogenic microorganisms in a noninva-
sive way (Miller 2006); adhesive tape may be associated with microscopic analysis,
for example, to detect the presence of fungal conidia on stone surfaces (observation
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Fig. 1.4 Noninvasive sampling tools: (a) cotton swab on stone, (b) adhesive tape on lather, (c)
nylon membrane fragment on book and (d) nitrocellulose membrane on paper (drawing)

in light microscopy), or with other techniques, as well as fluorescent in situ hybrid-
ization (FISH), molecular and culture techniques (La Cono and Urzi 2003; Bisha
and Brehm-Stecher 2009). Adhesive tape sampling can be widely and safely applied
in the field for the conservation of cultural heritage, due to its several advantages
(i.e., it is cheap and does not require the expertise of specialized staff). Recently,
Urzi and De Leo (2001) proposed the use of adhesive tape strips as a nondestructive
sampling technique for the study of microbial colonization on monument surfaces.
Cutler et al. (2012) used adhesive tape to collect fungi samples suitable for molecu-
lar analysis from stone buildings.

1.4.2 Microscopy

The most common tools used in the field of cultural heritage (assessing the biologi-
cal contribute to depleting of cultural items) are microscopy techniques applied to
the study of biodeterioration processes in cultural assets. Different kinds of micro-
scopes are used to observe biofragments from needle, scalpel, or adhesive tape sam-
plings; to recognize the biodeteriogen morphology, species, secondary metabolites,
and products; or to provide direct evidence of biofilm formation.

Microscopy techniques are also widely used to observe the morphology of
microbial taxa; several microscopy techniques have been used to study the
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Fig.1.5 Microscopy techniques used to reveal microbial systems: (a) fungal structures (Alternaria
spp.) stained by Lugol’s solution observed by OM — 40x magnification, (b) micrograph by SEM
of fungal reproductive structure and spores (Penicillium spp.), and (¢) green and red autofluores-
cence patterns related to cyanobacteria and algae cells by CLSM

relationship between microorganisms and rock applying nondestructive methods;
both light microscopy and light microscopy combined with scanning electron
microscopy were used (de los Rios and Ascaso 2005).

The most common microscopy techniques used in studying microbial colonies are
optical microscopy (OM), or light microscopy (LM), scanning electron microscopy
with back-scattered electron imaging (SEM-BSE), transmission electron microscopy
(TEM), confocal laser scanning microscopy (CLSM), and environmental SEM
(ESEM) (Macedo et al. 2009; Herrera and Videla 2009; Rakotonirainy et al. 2007).

Optical or light microscopy can provide information simply by observing the sam-
ples and is useful in the detection of several morphological structures (Fig. 1.5a) (e.g.,
fungi, cyanobacteria, algae, lichens) (Golubic et al. 2015; Macedo et al. 2009). This
type of microscope is useful for first stage identification of bacteria as cellular mor-
phology and reaction with the Gram stain can be verified (Bergmans et al. 2005).

Electronic microscopes are widely used in scientific applications, the most fre-
quently utilized being SEM and TEM, which allow observation and surface charac-
terization at a higher resolution and depth of field than the optical microscope by
giving a 3D effect to the images (Fig. 1.5b) (Nuhoglu et al. 2006; Troiano et al.
2014; Golubic et al. 2015; Florian and Manning 2000; Cappitelli et al. 2009). Unlike
SEM, in ESEM analysis the sample is hydrated and nonconducting, without prior
dehydration or conductive coating (Bergmans et al. 2005).
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CLSM is extremely useful for revealing the chemical and biological relation-
ship between a microorganism (biodeteriogen) and its microenvironment (colo-
nized substrate); CLSM has many advantages, as its nondestructive and “real-time”
technique can be used in situ to detect the growth, metabolism, and gene expres-
sion of organisms including the microenvironment surrounding each cell
(Fig. 1.5¢) (Caldwell et al. 1992; Villa et al. 2015). A full range of multi-micro-
scopic techniques (CLSM/SEM) is often used to detect biota communities (fungi,
bacteria, cyanobacteria) on samples from particular cultural items (e.g., mum-
mies, fossilized bones), to confirm the presence of certain organisms, or to estab-
lish which dominant biota is causing deterioration in biofilm (Palla et al. 2011;
Janssens and Van Grieken 2004; Marano et al. 2016; Polo et al. 2012; de los Rios
and Ascaso 2005).

1.4.3 InVitro Culture

Traditional culture methods for isolation and identification of microorganisms are
very useful in assessing biodeterioration in cultural heritage. The cultivation meth-
ods (nutritive media) are used for the specific isolation of fungi and bacteria or
specific growing of other biological systems, such as cyanobacteria or lichens.
Some nutritive media may be designed for specific strains proposing the growth
condition that originally existed on the cultural heritage (e.g., high pH level for
strains isolated from wall paintings) (Gorbushina et al. 2004).

In order to reveal microbial contamination of cultural items (organic or inor-
ganic), it is possible to place a piece of item (sample) directly onto the nutritive
medium (Abrusci et al. 2005) or sampling tools, such as swabs, adhesive tape, or
charged membranes (Pasquarella et al. 2015; Palla et al. 2015). No medium has
been recommended for the isolation of certain microorganisms; as regards the isola-
tion of fungal communities from paper heritage, for example, Sabouraud dextrose
agar and malt extract agar, sometimes supplemented with an antibiotic such as
chloramphenicol or streptomycin to inhibit bacterial growth, and Czapek agar have
been used. For determining the total number of cultivable bacteria, tryptic soy agar
is used, while MacConkey agar is used to detect gram-negative bacteria (Lépez-
Miras et al. 2013).

The microbial samples may be put into a nutritive broth (generally composed of
a peptone solution with meat extract and mineral salts, agar-free) and incubated for
many hours (18-72 h) to allow microbial growth.

Thus, it is possible to perform morphological analysis detecting and evaluating
macroscopic parameters, e.g., color, shape, and appearance (Fig. 1.6). Colony-
forming units (CFU) on solid growth media are counted using a simple visual
inspection. Besides pH, the availability of nutrients, the temperature, and the dura-
tion of incubation are also important for successful isolation. However, methods
based on the cultivation of microorganisms may detect only a minor fraction (2-5 %)
of the total number of microbial communities, this cultivable fraction representing
only the living part of the microbes in the sample (Otlewska et al. 2014). In any
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Fig. 1.6 Bacteria and fungi isolated by culture-dependent methods: (a) huge microbial growing
on nutritive medium, (b) fungal colony on Sabouraud media (Scopulariopsis spp.), and (¢) subcul-
ture onto N-Agar medium (Micrococcus luteus)

case, culture-based approaches alone cannot provide exhaustive information on the
real microbial consortia, also because only a small fraction of the microorganisms
can be cultivated (Dakal and Arora 2012). For this reason, for correct evaluation of
biological contaminants, culture techniques should be supported by molecular
investigations.

1.4.4 Molecular Investigations

While traditional microbiological methods based on culture procedures provide
important but limited information on microbial communities, molecular techniques
offer a great overview on the diversity of microbiota involved in the biodeterioration
of monuments and artworks (Otlewska et al. 2014; Gonzéles and Saiz-Jiménez 2005).



20 E. Di Carlo et al.

The development of recent molecular techniques has improved the sensitivity,
specificity and speed of detecting microorganisms. Primarily, the molecular detection
of microorganisms begins with the extraction of nucleic acids from collected samples,
using specific ad hoc protocols or commercial kits. The detection of microorganisms
is mainly based on the sequence of small subunits (16S for bacteria and 18S for fungi)
ribosomal RNA (rRNA) genes (Gonzéles and Saiz-Jiménez 2005). Molecular investi-
gation continues with in vitro amplification of specific genomic regions by polymerase
chain reaction (PCR), analyses of amplification products using gel electrophoresis
technique, determination of nucleotide composition of DNA fragments (sequencing)
and analyses of homology of sequence using international data banks (e.g., NIH,
USA; EMBL, Germany). The existence of DNA database guarantees optimal identi-
fication of the microorganisms detected and the possibility of carrying out phyloge-
netic analysis (Palla 2004; Gonzéles and Saiz-Jiménez 2005).

At present, molecular methods, including polymerase chain reaction (PCR),
denaturing gradient gel electrophoresis (DGGE) and the creation of clone libraries,
are used as a sensitive alternative to conventional cultivation techniques. DGGE is
the most frequently reported technique for separating DNA fragments during micro-
bial diversity studies of art objects (Dakal and Arora 2012; Otlewska et al. 2014;
Gonzdlez and Saiz-Jiménez 2004; Michaelsen et al. 2010). Genetic fingerprinting is
a rapid and useful method for studying diversity in microbial communities includ-
ing nonculturable and inactive microorganisms (Otlewska et al. 2014).

Polo et al. (2010) studied microbial contamination using denaturing gradient
gel electrophoresis and established that cyanobacteria and green algae genera were
responsible for green staining. Fluorescence in situ hybridization (FISH) has been
applied in the field of conservation and restoration to study microbiota involved in
biodeterioration. Furthermore, the application of FISH directly on adhesive tape
strips added another advantage to this non-destructive sampling method and led to
the identification in situ of the microorganisms present on a given area, without
destruction of the valuable surfaces and with little biofilm disturbance (Andersen
et al. 2001; Sterflinger 2010).

The application of molecular biology on cultural heritage has been applied to
identify the development of microorganisms in inorganic materials or in organic
materials, in museums, and in archives (Pifiar et al. 2013; Valentin 2003). Molecular
biology provides a sensitive study on the microbial contamination of works of art,
based on the analysis of specific DNA genomic sequences.

In order to increase the screening of a large number of microorganisms, oligo-
nucleotide microarray protocols have been applied for the detection and genotyping
microbial variety (Maynard et al. 2005) and can be used efficiently in the identifica-
tion of microbial communities affecting cultural heritage.

Microarray analysis is based on hybridization between fluorescent-labeled DNA
sequences and thousands of probes immobilized on a glass slide (array), providing
a cultivation-independent characterization of microbes on works of art (Gargano
et al. 2012; Neugebauer et al. 2010). The core principle behind microarrays is
hybridization between two DNA strands, the property of complementary nucleic
acid sequences to specifically pair with each other by forming hydrogen bonds
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between complementary nucleotide base pairs. Each DNA spot contains a specific
DNA probe sequence, used to hybridize a sample called target under high-stringency
conditions. Fluorescently labeled target sequences that bind to a probe sequence
generates a signal that depends on hybridization conditions (such as temperature)
and washing after hybridization. These sample microarrays contain a large number
of samples that could be analyzed, for instance, through FISH techniques for the
detection of specific microorganisms or the expression of specific genes
(Gonzalez 2003; Andersen et al. 2001; Kononen et al. 1998).
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Abstract

Cultural heritage constitutive materials can provide excellent substrates for
microbial colonisation, highly influenced by thermo-hygrometric parameters. In
cultural heritage-related environments, a detrimental microbial load may be
present both on manufact surface and in the aerosol. Confined environments
(museums, archives, deposits, caves, hypogea) have peculiar structures and dif-
ferent thermo-hygrometric parameters, influencing the development of a wide
range of microbial species, able to induce artefact biodeterioration and to release
biological particles in the aerosol (spores, cellular debrides, toxins, allergens)
potentially dangerous for the human health (visitors/users). In order to identify
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the real composition of the biological consortia, highlighting also the symbiotic
relationships between microorganisms (cyanobacteria, bacteria, fungi) and mac-
roorganisms (plants, bryophyte, insects), an interdisciplinary approach is needed.
The results from in vitro culture, microscopy and molecular biology analysis are
essential for a complete understanding of both microbial colonisation of the cul-
tural objects and the potential relationship with illness to human. Concerning the
bioaerosol, of crucial importance are the time and techniques for sampling.

2.1 Indoor Environments (Libraries, Museums, Storerooms,
Hypogea, Churches)

Several aspects of indoor environments need to be defined. Their main function
is to preserve the objects, made of different materials that make up a country’s
historical and artistic cultural heritage, in addition to serving educational pur-
poses and representing cultural and social identity. Indoor environments may
either be constructed in situ to preserve artworks in their place of origin (hypo-
gea) or custom-built using innovative techniques with air-conditioned premises.
Alternatively, they may consist of existing buildings which constitute artworks
themselves, but also house works of art. The type of building structure will deter-
mine the risk and type of deterioration and problems associated with managing
the indoor environment.

In turn, the location of indoor environments, in urban or rural centres, industri-
alised or green areas and coastal or mountain regions (Thomson 1986; Camuffo
2013) will determine their different external and internal microclimatic conditions,
the aerosol composition and its biological impact. As indoor air is linked to the
atmosphere surrounding the building (Brimblecombe 1990), a large number of visi-
tors will have a negative effect on the indoor environment. The shape of indoor
spaces may also have a major influence, as they can range from large, very high
premises to small interconnecting areas arranged either on several floors or on a
single level, attics or basements, with or without windows, varying exposure,
adjoined or separate, with showcases, display cabinets or clima boxes representing
micro-environments enclosed within the main exhibition macro-environments
(Michalski 1994; De Guichen and Kabaoglu 1985; De Guichen 1980; Cassar 1995;
IBC 2007; Lazaridis et al. 2015).

Indoor microclimatic conditions depend strongly on whether active heating/air-
conditioning and lighting systems are present or not in a given environment. Most
indoor environments, especially those constructed in loco (hypogeum), or in histori-
cal buildings or premises mainly destined for other uses (churches), lack active
microclimate control systems. Even when conditioning systems are present, they
are often adjusted to the needs of human comfort on the part of museum staff or
church worshippers rather than those of artefact conservation. In addition, unless
these systems are regularly serviced, they can be a further source of potential chemi-
cal and, above all, biological pollutants.
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Fig. 2.1 Hypogeum archaeological site — in addition to the glass ceiling (dark area at the top)
allowing natural light to penetrate, two older-generation lighting systems are visible: fluorescent
tubes lacking UV guards and halogen spotlights generating considerable heat and relative air
movement. This lighting system combined with high relative humidity levels increases the risk of
biodegradation. The site is currently closed to the public

The study and control of the microclimate (Cavallini et al. 1991; Bernardi 2009;
Camuffo 2013) is essential to curb “biological risk”, as microclimatic conditions
have a major impact on spore germination. The main indoor microclimatic param-
eter is relative humidity. Very high relative humidity levels in the winter months, or
in conditions of moist warm wind, may result in condensation followed by micro-
bial colonisation on the interior or exterior surfaces of a building (Camuffo 2007).
Under these conditions, churches are more at risk of biodeterioration than hypogea
due to the different materials they contain ranging from stone architectural and dec-
orative features to organic materials like wood used for floorings, ceilings and fur-
nishings and objects linked to worship (Nugari 2003). With the possible exception
of storerooms, another problematic parameter in all these indoor environments is
natural or artificial light. Light heats the illuminated surface generating hygrometric
and mechanical stress and warms the circulating air mass triggering convection that
not only enhances the inertial deposition of suspended particulate matter but also
pigment discoloration and biodegradation (Fig. 2.1). Light is needed to display
objects but existing lighting systems are often outdated and obsolete. Nonetheless,
a variety of alternative light bulbs are currently available that ensure optimum object
preservation, saving both energy and money, through the use of sensors that trigger
light only when visitors enter an environment.
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Table 2.1 Average contribution ascribed to individual museum visitors

Contribution Cause Quantity
RH - water vapour Breathing, perspiration Approx. 40-100 g/h
T — heat Movement Approx. 100 W/h
CO, — carbon dioxide Breathing Approx. 20 I/h
Dust
Fibres Clothing Approx. 0.2 g/m* h
Microorganisms Perspiration, talking, sneezing
Organic fragments Skin, hair

Cited by Mandrioli (2015)

Biological contamination can also occur in objects newly acquired from uncon-
trolled indoor environments (donations from private collections or excavated mate-
rials in contact with the soil), but is also common after exceptional natural and other
events like flooding. The public also serve as carriers of air-dispersed spores from
outside the building transported on clothing, skin and hair and contribute CO, linked
to breathing, increases in temperature and water vapour and microorganisms
through perspiration, talking and sneezing (Table 2.1).

Indoor exhibition/conservation environments such as museums and churches
often contain multiple materials, which give rise to a number of conservation prob-
lems linked to the intrinsic features of the different materials (Hueck 2001) and
their microclimatic requirements for conservation and management. Related to this
aspect are storerooms located in attics or basements, which are often poorly main-
tained, full of dust and insects, and have suboptimal ventilation and unstable
microclimatic conditions due to their location and frequent lack of air-conditioning
systems. These environments are often neglected in terms of conservation mea-
sures as they are deemed less important, despite housing large quantities of arte-
facts made of different materials for long periods of time. In addition, storerooms
often house restored works of art that emit further pollutant gases generated by
restoration treatments.

Finally, a complete analysis should not overlook the condition of the building
fabric such as poor building maintenance that is closely correlated to the microcli-
mate, indoor conservation of artworks (museums, gallery, archives, etc.) and indoor
microbial exposure. The use of water-sensitive materials in areas with hot humid
climates can also lead to indoor mould growth. Preventive conservation activities
must always include indoor maintenance protocols providing regular and adequate
cleaning of surfaces and objects (e.g. periodic dusting) not only in the exhibition
room but especially in storerooms.

Constant environmental monitoring continues to be the main tool not only for
recording but above all for actively controlling the causes of material degradation.
Based on a series of data recorded over a sufficiently long period, continuous
monitoring will correctly analyse indoor environmental measurements based on
specific targets.
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2.2  Airborne Particles: Organic and Vegetable Dust
and Biohazards

Bioaerosol is the scientific term used to define a suspension of aerosols or particu-
late matter of microbial, plant or animal origin and may consist of pathogenic or
non-pathogenic, live or dead bacteria and fungi, algae, viruses, pollen, plant
fibres, high molecular weight allergens, bacterial endotoxins, mycotoxins, pepti-
doglycans or glucans (Douwes et al. 2003) passively carried by air (Cox and
Wathes 1995). For this reason, the term bioaerosol does not include insects
(Mandrioli and Ariatti 2001).

Airborne biological material is composed of particles generated from natural
sources by active or passive mechanisms and resuspended in the atmosphere, often
aggregated with each other or with non-biological solid or liquid particles in sus-
pension. The biological aerosol includes many types of airborne particles varying
widely in morphology and size that can be seen with a magnifying glass or micro-
scope. Their aerodynamic diameter may range from molecular size to large and
giant particle size (Jaenicke 2005; Hinds 1999; Poschl 2005), e.g. viruses
(1 nm-1 pm), bacteria (0.1-1 pm), fungal spores (0.5-50 pm), lichen propagules
(10 pm—1 mm), bryophyte spores (1-100 pm), algal cells (1 pm—1 mm) and pollen
grains (10-100 pm) (Després et al. 2012; Fuzzi et al. 2015). Airborne particles are
associated with other biological materials such as protozoan cysts found in aggre-
gates or incorporated in solid or liquid particles, pteridophyte spores, plant frag-
ments and products from metabolic activities.

Another term commonly used to describe airborne particles derived from bio-
logical organisms is primary biological aerosol particles (PBAPs) that differenti-
ates biogenic particles from secondary organic aerosols formed by further physical
processes and chemical reactions in the atmosphere such as photo-oxidation
(Després et al. 2012). When microorganisms are incorporated, for instance, into fog
droplets for many hours, the environmental conditions are favourable for rapid
growth, giving rise to secondary biological aerosol particles, commonly called
SBAPs (Fuzzi et al. 1997, 2015; Després et al. 2012).

Aerobiology is a relatively new scientific discipline specifically dealing with
airborne particles, how they behave in the air once generated, how the environment
influences their dispersion and deposition and the impact these particles have on
other organisms or materials such as artworks. The presence of bioaerosol in the
atmosphere is strictly correlated to an active source able to produce material
through physiological processes generating microorganisms or physical processes
resulting in disaggregation and fragmentation of organisms. Sources of bioaerosol
emission can be natural, for example, bacteria found in the air often belong to
groups commonly present in the ground, and in fresh and sea water, while bacteria,
algae and fungi are released into the air by a bubble-bursting mechanism influ-
enced by the wind. Forests and vegetation are sources of pollen, spores and frag-
ments, while anthropogenic sources include farming and agricultural processing
and industrial activities.
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The particles produced are emitted into the atmosphere by both physiological
(e.g. the catapult expulsion mechanism for the dispersal of Parietaria pollen) and
physical processes (e.g. fungal spores released by the action of wind and rain on
vegetation) (Mandrioli 1985). The process of fungal spore release mainly depends
on atmospheric agents, relative humidity, air temperature, dew point temperature
and wind turbulence (Jones and Harrison 2004). Peak fungal spore concentration in
temperate and Mediterranean climates coincides with summer and autumn when
relative humidity is higher but is strongly influenced by the frequency of precipita-
tions that attenuate relative humidity values. Seasonal variations in pollen produc-
tion have a major impact on the ratio between indoor and outdoor spore
concentrations. In spring and summer, the peak concentration of most fungal spores
detected in indoor environments is similar to that found outside, whereas in winter
the indoor concentration is higher (Mandrioli et al. 1998; Sabbioni et al. 2008),
thereby confirming the trapping effect of buildings. Postinjection conditions in the
atmosphere are due to the survival of microorganisms and are controlled by physical
and chemical parameters. The major limiting factors are temperature, relative
humidity, ultraviolet radiation, oxygen, carbon monoxide, nitrogen dioxide and
formaldehyde (Mandrioli 1998). Although bioaerosol concentration in the atmo-
sphere varies with season and location, it has been estimated to constitute up to 25 %
of total aerosol mass and is sometimes numerically close to 50 % of all aerosol
particles on a global basis (Jones and Harrison 2004; Jaenicke 2005). Recent studies
implementing molecular techniques demonstrated that the fungal spectrum sus-
pended in the air is much richer than previously known (Frohlich-Nowoisky et al.
2009; Després et al. 2012; Pashley et al. 2012).

The transport or dispersal of bioaerosols in the atmosphere is a physical process
based on kinetic energy exchanged when gas particles in the atmosphere clash with
motionless air-dispersed particles. Particles do not behave consistently so that each
stage is random in both duration and direction. Due to unfavourable environmental
conditions such as dehydration and UV radiation (Griffith and De Cosemo 1994),
the atmosphere contains not only vegetative forms but many forms of resistance like
bacterial and fungal spores. Small particles, ranging in size from 1.0 to 5.0 pm,
remain suspended in the air for a longer time, whereas larger particles tend to settle
more quickly on surfaces due to their larger mass. Bioaerosol can be transported in
the atmosphere for long distances (Gregory 1973; Schlesinger et al. 2006) and a
longer time due to its vicinity to particle sources and resuspension of deposited
particles (Tampieri et al. 1977; Mandrioli et al. 1980, 1984; Rantio-Lehtiméiki
1994). Kellogg and Griffin (2006) identified the global transport of desert dust as
the main mechanism responsible for the transport of aerosol microbiota: pollens,
fungi and bacteria. The average residence time of biological particles in the atmo-
sphere can range from less than a day to a few weeks, depending on their size and
aerodynamic properties (De Nuntiis et al. 2003; Després et al. 2012).

Particle deposition is the aspect of most interest to cultural heritage and, in par-
ticular, the biodeterioration of artworks. However, bioaerosol in the atmosphere is
only one of the potential risks arising when deposited material encounters favour-
able environmental conditions for the colonisation of artefacts. Particles are usually
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removed from the air by sedimentation and deposition on all surfaces, not only hori-
zontal planes. Deposition occurs by gravitational settling, molecular diffusion and
impact. A highly effective but discontinuous means of bioaerosol removal in out-
door environments is rainout and washout, which happens during precipitations
when damp deposition captures the particulate in precipitations and deposits it on
the ground. Precipitation is the most efficient removal mechanism for particles 0.1-
10 pm in diameter. Computation of bioaerosol deposition velocity is a complex
problem as particles are irregular in shape and their structural features hamper cal-
culation of particle density, e.g. despite its size, the two air bladders of Pinus pollen
grains make them particularly light, thereby increasing dispersal distance
(Schwendemann et al. 2007). In addition, particles vary in relation to atmospheric
humidity changes: small particles are dispersed among air molecules increasing in
velocity, whereas large particles shift the surrounding air creating vortices and fall-
ing more slowly. Particle deposition is slowed down if the descending particle tra-
jectory is close to a vertical surface, whereas the velocity changes when particles are
clustered together. Particles are also affected by thermophoresis and diffusiophore-
sis, temperature and concentration gradients and electrostatic forces that not only
induce particle accumulation with blackening of the surfaces involved but also bio-
deterioration when conditions are favourable. Particles settled by dry or wet deposi-
tion can be involved in resuspension mechanisms and hence return once again into
the atmosphere.

Once deposited, biological particles can interact with the substrate, be it the nasal
mucosa, a leaf surface or a fifteenth century fresco, giving rise to an allergic reaction
in sensitive patients, a plant disease following fungal or bacterial colonisation or
mechanical and aesthetic deterioration of a painted surface. Fungal attack of a fresco
surface can lead to hypha penetration of the painted layer resulting in flaking and
detachment of the fresco surface, coloured stains obscuring the painting and the
production of acid metabolites or enzymes able to transform complex molecules
into simple water-soluble molecules. Over time, this process will weaken the painted
layer damaging the material and value of the artwork.

Studies on biodeterioration are a constantly evolving field for scientific and tech-
nological research. They currently focus not only on bioaerosol sampling and iden-
tification methods but also on transport and deposition mechanisms and above all on
the ecology of the species involved.

2.3  Impact of Colonised Aerosol on Artwork Surfaces
and Potential Enemies of Human Health

Studies on the biodeterioration of cultural heritage are not confined to the microbi-
ology of biodeteriogens and material degradation processes; they require a multidis-
ciplinary approach to understand the chemical and biological relations between the
air and the materials it surrounds. Research in this sector not only serves to identify
potential risk factors for artwork preservation and devise specific preventive conser-
vation protocols, but it also serves to safeguard the health of operators
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(conservationists, restorers and visitors) from the risk of exposure through inhala-
tion and contact with contaminated surfaces or objects. The risk for human health
stems not only from harmful microbial species or the products of their metabolic
activity, e.g. allergens, present on artefacts or in the air, but also from the hazardous
residues of biocide treatments used in the cultural heritage sector.

Bioaerosol research started thanks to the interest of the health sector (allergol-
ogy) and agriculture (phytopathology). The cultural heritage sector is just one of
many areas in which bioaerosols can cause damage to persons and/or objects, with
major economic and other related consequences. The biodegradation of cultural
heritage therefore has a cultural, scientific and economic impact. As previously
mentioned, bioaerosol on artworks is only harmful for preservation in concomitance
with other factors: microclimatic conditions, the nature of the object, its state of
preservation and chemical and physical degradation processes already in place.
Biological degradation is seldom caused by a single microorganism, but is produced
by complex communities, real ecosystems that develop on the artefact. Under
favourable microclimatic conditions (RH, T and light), the bioaerosol deposited on
the surface can grow and reproduce itself using the substrate as a nutrient (hetero-
trophic) or support (autotrophic), causing damage to the material component (Hueck
2001) of the cultural heritage whether it consists of traditional materials and/or
modern materials like polymers. The substrate may be a statue, painting, old parch-
ment, cave painting, glass window, liturgical vestment or fresco, made of a single
organic or inorganic material or several different materials combined. The inorganic
substrate can provide microorganisms with an exclusive supply of mineral salts and
a limited amount of water depending on the material’s porosity. The microorgan-
isms colonising these artworks are therefore photo- or chemoautotrophic, i.e. able
to self-synthesise the molecules required for their development by photosynthetic
reaction (photosynthesis) or chemical reactions (chemosynthesis). Heterotrophic
species can only penetrate the same artwork after autotrophic organisms, whereas
organic materials are colonised by heterotrophic bacteria able to utilise the nutrients
available in the material itself.

The organisms causing damage to works of art are called biodeteriogens, but do
not correspond to all the bioaerosol deposits generally found on them. Some of
these particles may be viable but not culturable as they form colonies on solid media
under certain growth conditions (time, temperature and nutrients). Many bioaerosol
particles cannot be cultured on conventional media, but their existence can be
proved using other methods (Nascutiu 2010). An indoor environment (museums,
galleries, archives and hypogea) can be particularly suitable for microbial growth as
it protects the microorganisms themselves from extreme variations in outside tem-
perature and UV rays that can damage the bioaerosol. Desiccation, radiation, oxy-
gen, ozone and its reaction products together with various pollutants can operate
cumulatively affecting the viability of microorganisms (Griffith and De Cosemo
1994). For this reason, biological spores survive better in air than vegetative cells,
as the humidity in the air is an important potential source of microorganism stress.

Fungi are among the most harmful organisms associated with the biodeterio-
ration of organic and inorganic materials (Sterflinger 2010). Many organisms
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excrete waste metabolic products, including pigmented or acid compounds that
may disfigure materials, altering their colours or causing mechanical damage.
Aesthetic biodeterioration should not be underestimated as it severely alters the
perception of beauty and the legibility of artworks although generally it is less
aggressive towards the materials. For example, the fungi present on different
types of materials can determine the formation of visible films, spots, exfolia-
tion, disruption and pitting. Chemical processes lead to the transformation, alter-
ation and decomposition of the substrate and are much more common than in the
past. In addition, the pores and fractures caused by chemical and mechanical
interactions can host further biodeteriogens (Urzi et al. 2000). A chemical action
may be attributed both to assimilation processes (when the organisms use the
material as nourishment by means of extracellular enzyme activity or ion
exchange) and to the excretion of metabolic intermediates or substances having
an inhibitory or waste function (such as acid, alkaline and complexing substances
and pigments). In physical biodeterioration, the organism breaks or simply
deforms the material with growth or movement. Although there are many studies
in the literature on microbial contamination relating to works of art preserved in
different structures such as museums, crypts, churches, libraries and archives
(Valentin 2003; Gaiizere et al. 2014; Tarsitani et al. 2014; Kavklera et al. 2015;
Ruga et al. 2015), there is still much to do on the definition of danger thresholds
for biodeterioration processes.

2.4  Revealing and Identifying Microbial Particles
and Products

No automatic instruments are currently available for the direct measurement of
viable and non-viable microorganisms in the air or on surfaces. Nor is there a uni-
versal bioaerosol sampler: available devices must provide a representative sample
trying to minimise stress (e.g. dehydration) and damage to the biological activity of
microorganisms.

The main aim of sampling is to identify the type of particles present and their
concentration in the atmosphere. Quantitative sampling aims to measure variations
in the atmospheric concentration of a given microorganism, whereas qualitative
sampling identifies the specific microorganisms present in the sampled location.
Before embarking on sampling, it is important to establish what is being sought and
where, which is the best sampling point in relation to the environmental character-
istics and the presumed degree of contamination so as to set appropriate sampling
times. Alongside biological sampling, it is particularly important to undertake par-
allel sampling of the main physical and chemical environmental parameters. Last
but not least, the most suitable analysis techniques must be chosen to identify and
quantify the bioaerosol isolated, especially in the case of viable material. It must be
mentioned that the exact microbial concentration cannot be determined using only
cultivation-dependent methods since microbes may be viable but non-cultivable,
underestimating both microbial diversity and concentration. Nevertheless, the
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combination of culture-based and molecular analysis increases the observed bacte-
rial diversity (Palla et al. 2015; Saiz-Jimenez and Gonzalez 2007) and should be
adopted in the field of cultural heritage diagnostics.

2.4.1 Sampling by Passive or Active Methods

The simplest technique, and hence the most commonly used by non-experts, is
gravitational deposition, exposing a horizontal surface on which particles settle by
gravity and remain trapped by an adhesive placed on the sampling surface or directly
on a semisolid culture. Sampling efficacy will depend on air conditions, wind direc-
tion and speed, as well as particle concentration and dimensions. The passive sam-
pling allows a qualitative investigation, as the volume of sampled air and the
efficiency of capture are not known. It is only suitable for undisturbed indoor envi-
ronments and is also used for scientific tests in Italian heritage sites, such as the
Sistine Chapel (Montacutelli et al. 2000). Petri dishes measuring 90 cm in diameter,
containing semisolid culture media (Sabouraud, Nutrient agar), are normally left
open to the air for 1 h at I m from the floor and 1 m away from walls and then incu-
bated at 30 °C for 16-72 h reaching bacterial or fungal colonies (Fig. 2.2). Culture
plate sampling results first need to undergo culture analysis and are then expressed
in colony-forming units per surface area (CFU/dm?). To estimate microbial air con-
tamination, an index of microbial air (IMA) is used, based on the count of microbial
fallout on Petri dishes, expressed in CFU/dm?/h or CFU/h (Pasquarella et al. 2000).
A slide treated with adhesive can be used to sample non-viable bioaerosols followed
by direct observation of the particulate under a light microscope; again the results
are expressed in particles per surface area (particles/cm?).

In addition to air sampling, surfaces of cultural objects can be sampled in a non-
destructive and non-invasive way using nitrocellulose membrane filters (Sartorius
AG, Gottingen, Germany) consisting of a 47 mm square disc pressed onto the sam-
ple surface for 30 s and then transferred to agar-treated Petri dishes (Pitzurra et al.
1997; Pasquarella et al. 2015).

The Andersen microbial air sampler is a cascade impactor commonly used in
diagnostics in the cultural heritage sector as it samples viable bioaerosols (Andersen
1958). The device is particularly suited to indoor sampling as the aspiration tube
cannot be oriented according to the wind direction. The sampler has six or three
stages in which the particles are separated by size and collected on Petri dishes
containing culture medium. Each stage contains plates with 400 precision-drilled
holes of decreasing diameter. The slower air speed in the first stages allows the
larger particles to be captured, while the smaller particles are accelerated thanks to
the narrower diameter of the holes through which they must pass before being cap-
tured by the agar-treated surface. The Petri dishes can then be removed and incu-
bated to allow the captured microbes to grow for subsequent quantification and
identification. Airflow is sampled at 28.3 1 per minute, wall deposition is negligible
and the particle capture rate is close to 100 %. Sampling time depends on bioaerosol
concentration but is generally in the order of a few minutes. The only limitation of
this type of sampler is the high number of dishes generated during each sampling.
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Fig. 2.2 Passive sampling carried out in the same indoor environment using (a) Sabouraud
medium (fungal colonies) and (b) Nutrient agar medium (bacterial colonies)

The Surface Air System (SAS Super ISO, PBI International, Milan, Italy) is a
much more manageable and practical portable single-stage impactor specifically
designed for indoor pharmacy and hospital environments. At the international level,
it is currently considered the reference instrument for microbiological air sampling
with an environmental bioaerosol capture rate of 100 %. The device aspirates the air
at a constant flow for periods varying from a few seconds up to an hour depending
on the microbial contamination. The SAS SUPER ISO 100 (180 I of air per minute)
is commonly adopted in the cultural heritage sector using 55 mm diameter contact
plates, but if high fungal contamination is expected, maxi 84 mm plates or 90 cm
Petri dishes can be used with a special adaptor because moulds tend to spread and
consequently make counting difficult after incubation. The number of colonies
counted on the surface must first be corrected for the statistical possibility of mul-
tiple particles passing through the same hole, and then the CFU per cubic metre of
air sampled can be calculated.
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Fig.2.3 Crypt environment. (a) Aerosol active sampling by portable sampler equipped with ster-
ile disposable gelatin filter; (b) nutrient medium inoculated by gelatin filter (completely water-
soluble); (¢) dissolving of gelatin filter during the contact with Nutrient Agar (the filter completely
disappears in 10 min)

It must be mentioned that the choice of a specific microbiological growth
medium, the incubation temperature and the cultivation time result to differences on
the selection of the viable, cultivable, airborne microbial community. Media can be
specially prepared in the laboratory or purchased ready-to-use to allow a compari-
son of results. This is a key feature in the cultural heritage sector where national
technical standards provide indications, but standardisation is still a long way off.
Tryptic soy agar (TSA) is the medium most commonly used for a total microbial
count (incubation for 24-48 h a 32 °C), while Sabouraud dextrose agar (SDA) is
used to count yeasts and moulds and usually includes an antibiotic (e.g. chloram-
phenicol) to avoid bacterial growth (incubation for 5 days at 25 °C).

Other SAS samplers are based on the capture of microorganisms by membrane
filtration (SAS dust) or liquid filtration (SAS PCR) which identifies the material
collected by means of a real-time PCR method. Aspiration samplers are frequently
used for the non-biological fraction of atmospheric particulate adopting membrane
filters with pores of a few micron for non-viable bioaerosols where microorganisms
remain trapped on the surface and can be examined under the light microscope
either directly or after diaphanisation, depending on the filter matrix.

The air samplers that operate in filtration and impaction mode (AirPort MDS,
Sartorius) collect airborne microorganisms by suctioning a defined air volume
through a gelatin membrane filter (Fig. 2.3a) or a culture agar plate. Gelatin filters
allow the material collected to be transported to a culture medium for incubation as
showed in Fig. 2.3b, ¢ (Di Carlo et al. 2016).

Hirst impact sampler is used to measure the concentration trends of bioaerosol
components like pollen, fungal spores, algae and other particles morphologically
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recognisable under optical microscope (Hirst 1995). The collection surface can be
a microscope slide (for daily sampling) or a transparent plastic tape (for 7-day
monitoring) treated with the application of a silicon layer to retain the impacted
particles. Sampling efficiency is around 95 % for particles with a diameter larger
than 20 pm and 50 % for particles with diameters 2-5 pm. The 2x 14 mm slit
allows the sampled air to move over a surface at 2 mm per hour so that the time
trend of particulate concentration can be measured by subsequent light microscopy
observation. The sampler’s suction rate is 10 1 per minute, equivalent to the average
human breathing rate (Mandrioli et al. 1998), and for this reason is principally used
in the field of health, in centres belonging to aeroallergen monitoring networks
worldwide, performing the continuous monitoring of pollens and fungal spores
(EAN, RIMA, REA, RNSA, NAB, etc.)! by a procedure already standardised in
Italy (UNI 11108:2004)> and soon in Europe (CEN).*> The resulting data bank
could be an interesting source of information on the daily concentrations of out-
door fungal spores in urban and rural environments for the cultural heritage sector.
Two manufacturers (Lanzoni Srl, Bologna, Italy, and Burkard Manufacturing Co.
Ltd, Hertfordshire, England) currently adopt international recommendations to
manufacture the commonly used outdoor samplers (VPPS 2000 and volumetric
spore trap) and the portable version more often used indoors (VPPS 1000 and
indoor volumetric spore trap).

2.4.2 Biochemical and Biomolecular Techniques

The analytical approach aimed at identifying the biological particles in the indoor
air environment that can represent biodeterioration and health hazards includes a
broad spectrum of methods. They are based on both conventional microbiological
procedures and advanced techniques of molecular biology (Letch 2016; MacNeil
et al. 1995). The identification of colonies isolated from air samples can be per-
formed by observing the morphological features according to different manuals or
identification keys. In many cases, however, it may be necessary to identify micro-
bial consortia using specific staining methods (e.g. Lugol’s staining, Gram stain-
ing), biochemical tests (e.g. enzymatic assay, metabolite profiling, ATP
bioluminescence assay) and molecular analysis (Di Carlo et al. 2016; Lavin et al.
2014, Simonovicovi et al. 2015 ; Sanmartin et al. 2016; Castillo et al. 2016).

The application of molecular methods has allowed cultivation-independent inves-
tigations of microbial communities in diverse environments. Since not every microor-
ganism in a microbial community can be isolated or cultivated, extraction and

'"EAN, European Aeroallergen Network; RIMA, Rete Italiana di Monitoraggio in Aerobiologia;
REA, Red Espaifiola de Aerobiologia; RNSA, Réseau National de Surveillance Aérobiologique
(France); National Allergy Bureau (USA).

2UNI 11108:2004 — Method for sampling and counting airborne pollen grains and fungal spores
(UNI, Italian standardisation body).

3Comité Européen de Normalisation.
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sequencing of total microbial DNA are useful to identify those microorganisms which
resist cultivation (Puskdrova et al. 2016). Culture-independent methods (CIMs) are
based on genetic identification (qualitative analysis) of bacteria and fungi as well as
DGGE profiling and PCR that have been developed to study microbial communities
from various environments (Simonovi¢ova et al. 2015; Letch 2016). The strategy of
PCR-mediated amplification of targeted sequences, followed by sequencing and com-
parative data analysis, has been used successfully on samples from air (Palla et al.
2014). Similarly, non-PCR-based molecular techniques, such as microarray and fluo-
rescence in situ hybridisation, have also been adopted (Su et al. 2012).

Molecular fingerprinting techniques (bacteria and fungi quantitative PCR, cap-
illary electrophoresis single-strand conformation polymorphism fingerprinting)
have been applied by many authors to analyse airborne bacteria and fungi in
enclosed spaces, also in relation to bioaerosols in outdoor air, and the influence of
microclimate parameters and total dust content on microbial contamination
(Gaiizere et al. 2013; Skoéra et al. 2015). Studies utilising culture-independent anal-
yses of microbial communities in indoor environments give a complete overview,
also based on their level of detail in documenting built environment data (Ramos
and Stephens 2014).

Recent studies in DNA sequencing techniques have been carried out focusing on
airborne and dust-borne microorganisms in selected museum, archive and library
environments. An analytical approach using molecular fingerprinting has been
applied to monitoring and characterising the airborne microbial diversity in the
Louvre Museum over a long period of time (Gaiizere et al. 2014).

Microbiological contamination has been analysed in several Polish museums,
libraries and archives by Skéra and colleagues (2015). The resulting nucleotide
sequences of the identified microorganisms were analysed and compared to the
sequences published in the National Center for Biotechnology Information (NCBI)
database, using the BLASTN programme, confirming genetically the identified bac-
teria and yeasts that were previously macroscopically and microscopically charac-
terised using Gram staining and catalase and oxidase tests. Combining
cultivation-independent and cultivation-dependent studies, the fungal diversity in
indoor environments was performed in order to shed light on the components of
microbial consortia (Micheluz et al. 2015; Ortega-Morales et al. 2016). A wide-
spread fungal infection was revealed in compactus shelves of Venetian library by
Micheluz et al. (2015); particularly, xerophilic fungi were identified using a poly-
phasic approach based on morpho-physiological features and molecular studies.
Molecular identification was performed by amplification and sequencing of internal
transcribed spacers (ITS) of f-tubulin and actin genes.

Moreover, airborne fungi possess great enzymatic potential to degrade materials,
so their hydrolytic activity in attacking, proliferating and degrading these important
artistic-historical items can be successfully detected using enzymatic assays and can
be considered valuable data in completing the typical identification list of isolated
strains. Recently, the biodegradative action of fungal microflora from mummified
remains and fungal airborne communities was investigated using hydrolytic assays
(gimonoviéové etal. 2015). Borrego and colleagues (2012) have determined indoor
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air quality in Argentine archives and the biodeterioration of documentary heritage
using an analytical approach based on the qualitative determination of enzymatic
fungal activity and acid production by fungi.
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Abstract

Biodeterioration represents a revealing problem for the conservation of cultural
heritage. It can be identified as a complex interaction within the ecosystem of a
microbial community and its substrate and involves physical and chemical alter-
ations resulting from biological and metabolic activity. Designing a diagnostic
approach for evaluating the extent of the damage, identifying the biological com-
munity, and opting for an efficient methodology aimed at eliminating deterio-
gens is equally complicated. The correct approach would require understanding
the nature of the biodeterioration and implementing methodologies respectful of
human health which, however, avoid the indiscriminate killing of organisms.
Different preventive or remedial methods are used for this purpose. They include
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well-known physical and mechanical methods with their operating limitations
and the most frequently used chemical methods, supported by biocide products
for the elimination or growth inhibition of target organisms. Unfortunately,
most — if not all — biocides applied on artworks are toxic or otherwise polluting
substances, and their degradation is frequently difficult, being persistent in the
natural environment. Moreover, due to the fact that there are no specific formula-
tions destined for conservation practice, commercial biocide products come from
the medical or agricultural field, carrying with them their well-known negative
effects. Research in this sector focuses on ways to replace toxic products with
natural molecules that do not cause adverse effects, in addition to the application
of alternative methods and the support of formulations for safe nontoxic novel
compounds.

3.1 Prevention and Control of Microbial Colonization

When biological agents are detrimental or cause aesthetic damage on materials
composing cultural heritage, several conservative treatments and products are used,
in particular, to reduce or eliminate biological colonization (Chapman 2003; Caneva
et al. 2008). The first step is to examine the physical and chemical factors that have
facilitated the initial colonization and its expansion on the cultural objects and mon-
uments and to establish which mechanisms and regulatory processes are involved
(Cappitelli et al. 2011; Warscheid 2000, 2003), defining ad hoc solutions in relation
to the artworks and their environments (e.g., museums, outdoor heritage, archives,
archeological sites). Furthermore, each procedure should be carefully planned to
guarantee the integrity of the artifacts, ensuring that its effect remains active for as
long as possible by preventing recolonization and that no hazards exist for operators
or the environment (Caneva et al. 1994).

Conservation is typically based on the use of preventive and remedial methods
that inhibit or eradicate microbial growth and differ according to the nature of the
artifact, its conservation state, dimensions, and location and must also take into
consideration environmental conditions and other variables (Sterflinger and Pinzari
2012; Orlita 2004; Young et al. 2008).

Preventive (indirect) methods are based on the monitoring and setting of param-
eters and factors contributing to microbial development, such as temperature, pH,
and moisture content/relative humidity. Remedial (direct) methods involve the use
of mechanical, physical, chemical (biocides, insecticides, pesticides), and biochem-
ical measures (Sterflinger and Pinzari 2012; Kumar and Kumar 1999; Caneva et al.
2008; Koestler and Santoro 1990).

Preventive methods include all activities aimed at inhibiting biological attack,
by modifying, where possible, environmental conditions and physicochemical
parameters on a surface, so they become unfavorable for biological growth with-
out acting directly on the material constituting the artwork. However, environ-
mental factors cannot always be controlled, whereas it is possible to control
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indoor environmental conditions (e.g., museums, libraries, archives, churches).
It is decidedly more difficult to control the external environmental conditions
(outdoor monuments and archeological sites) (Rives and Talegon 2006; Stupar
et al. 2014); on the contrary, factors encouraging biodeterioration (dirt, dust and
deposits of a different kind) can be removed. Effectively, preventive measures
also include routine maintenance, periodic cleaning of dirt, and removal of dust —
which contains a high level of microbial contamination and is especially rich in
bacterial and fungal species, which may cause biodeterioration and may repre-
sent a risk for artwork conservation — in addition, water repellent and consolidat-
ing treatments can aim at inhibiting biological attack. Unfortunately, these
preventive measures are not always correctly followed (Kumar and Kumar 1999;
Doehne and Price 2010; Sterflinger and Pinzari 2012; Michaelsen et al. 2013;
Fernandes 2006; Vukojevi¢ and Grbi¢ 2010). In the case of documentary heri-
tage, the main way to avoid degradation is preservation; climate control, guaran-
teeing some conditions for optimal temperatures (15-25 °C), pH, illumination,
ventilation, relative humidity (40-65 %); frequent cleaning; monitoring of the
objects (Sterflinger and Pinzari 2012; Roman et al. 2013). The protection of
paper from damage by microorganisms mainly consists in inhibiting fungal
activity; this can be achieved by various means with the use of various biocides.
The problem is generally in selecting the most appropriate biocide and method
of treatment (Velikova et al. 2011).

Control measures, or remedial methods, provide for direct action on the biodete-
riogens with interventions on artwork surfaces and performing mechanical, physi-
cal, biological, chemical, or biochemical actions.

Mechanical methods have the disadvantage of failing to guarantee results over
the long term; where possible, they are used in combination with chemical proce-
dures and can thus be very useful (Caneva et al. 1994).

Physical methods of disinfection consist in the use of radiation with biocide
action, X-rays, gamma, and UV-C radiations (Pointing et al. 1998; Sterflinger
and Pinzari 2012; Michaelsen et al. 2013; Sequeira et al. 2012; Borderie et al.
2014). Gamma radiation is very effective against fungi and their spores, but its
application is restricted, as it causes depolymerization of cellulose in paper-
based materials, together with aging and recolonization (Magaudda 2004;
Adamo et al. 2003).

Chemical methods suitable for use in cultural heritage consist in a wide range of
products, mostly based on organic and inorganic compounds, quaternary ammo-
nium compounds, phenol and urea derivatives, and nitrogen-containing compounds
(Fernandes 2006). Considering the heterogeneity of chemicals used as biocides,
they may have more than one potential target, unlike antibiotics that have very spe-
cific targets. The chemical structure of a biocide determines its affinity to specific
targets and is the key to understanding its mode of action. The spectrum of activity
is determined against bacteria (Gram-positive, Gram-negative, mycobacteria, etc.)
and fungi (mold and yeast), and dose-response relationships are established. There
are numerous methods to evaluate biocide efficiency, including a basic microbio-
logical simulation and field tests to demonstrate the effectiveness of a biocide
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Table 3.1 Chemical and commercial biocides used on different substrates

Biocide Target organism Substratum | Reference

Koretrel Epilithic photoautotrophic Limestone, | Tretiach et al. (2007)
organisms sandstone

Neo Desogen Cyanobacteria Frescoes Cappitelli et al. (2009)

Metatin 5810-101

Anatase Cyanobacteria and chlorophyta Mortars Fonseca et al. (2010)

Biotin T species

Anios

Sanatex Anti-B Micromycetes Paper Velikova et al. (2011)

Rocima GT

Rocima 243

Phosphopag

Koretrel Lichens Stone Speranza et al. (2012)

Biotin T Micromycetes Frescoes Maxim et al. (2012)

Algophase

Preventol

(Sondossi 2009; Ranalli et al. 2003; Cappitelli et al. 2009; Speranza et al. 2012).
A small number of biocide agents have been tested with respect to their compatibil-
ity with historical-artistic materials, and only few studies have showed the long-
term effects of biocides (Koestler et al. 1993; Ascaso et al. 2002; Tretiach et al.
2007). Besides compatibility with the materials of the treated artifacts, in many
cases the most challenging aspect of biocide treatments is that objects are infested
by a mixed community of microorganisms with different levels of susceptibility
toward the chemical compound applied (Chapman 2003; Bastian and Alabouvette
2009; Martin-Sanchez et al. 2012; Fernandes 20006).

Chemical treatments include liquid biocides and fumigation using very toxic
gases, such as methyl bromide, sulfuryl fluoride, and ethylene oxide (Sterflinger
and Pinzari 2012; Michaelsen et al. 2013; Sequeira et al. 2012; Velikova et al.
2011). European conservators have used fumigation because it does not affect cel-
lulosic material. This type of treatment, however, needs special vacuum chambers
and must be executed by specialists due to the toxicity of ethylene oxide and the
strict regulations regarding its use (Borrego et al. 2012; Rakotonirainy and
Lavédrine 2005).

The most common biocides in the field of restoration have as their active ingre-
dients benzalkonium chloride, permethrin, nystatin (antibiotics), camphor, thymol,
sodium fluoride, naphthalene, ethylene oxide (gas), nitrogen (gas), and other com-
pounds applied for the disinfection of fungi and insects. These chemicals are applied
on polychrome artifacts, wooden sculptures, paintings and panels, textiles, and
paper artifacts. Even though commercial biocides have been widely applied on dif-
ferent cultural materials (Table 3.1), insufficient studies have been carried out on the
efficiency of the products over time and on the adverse effects for cultural heritage
and humans. Recently, trends in biodeterioration control indicate the need to include
biocide procedures using nonharmful and nontoxic products in order to control or to
eradicate different types of microbial colonization.
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3.2 Risks for Humans and the Environment

When considering biocides to control and eradicate biological colonization, several
factors, such as toxicity to humans, risks of environmental pollution and compatibil-
ity with substrates, need to be discussed. Many biocides are difficult to degrade and
are persistent in environment, also causing contamination of areas far from the site
of treatment (Guiamet et al. 2006; Marcotte et al. 2014). Considerable information
can be found in literature, particularly in the field of agriculture, ecology, hydrology,
health, and environmental science. The risk is linked to undesirable effects in non-
target microflora, plants, animals and aquatic life — especially relevant where the
risk of soil and water contamination is high (Fleeger et al. 2003; Blanchoud et al.
2004), since large quantities of biocides are released into the environment and accu-
mulate, resulting in a variety of negative effects (Marshall and McMurry 2005;
Schieweck et al. 2007). To protect nontarget species from damage due to direct or
indirect exposure to these toxic substances, federal environmental protection agen-
cies (FEPA) have established specific standards for their use, handling, and disposal
(Damalas and Eleftherohorinos 2011).

Biocide toxicity is generally quantified by using LD50 (lethal dose 50 %) and LC50
(lethal concentration 50 %) values as indices. LD50 is the amount of active substance
that can be expected to cause death in half (50%) of experimental animal species
exposed. LC50 is usually reported as milligrams of a substance per cubic meter of the
atmosphere to which the animal is exposed over a set time (Kumar and Kumar 1999;
Damalas and Eleftherohorinos 2011). To reduce health hazards associated with the use
of biocides, specific control measures and work practices are recommended, such as
good ventilation, personal respiratory protection, and safety equipment (Stréfer-Hua
1993). Tomei et al. (1996) have showed the effects of solvents in the blood of art restor-
ers, related to restoration work. It may be necessary to assess toxic compound exposure
in those environments where biocide substances are used, in order to define safe levels
when evaluating risk (Guiamet and Gémez de Saravia 2005; Hahn et al. 2010).

It should be kept in mind that biocides are all toxic by definition and most are also
corrosive. Recognition for the need to control risks from biocides has come from sci-
entists in academia, regulatory agencies, and industry. Hazard identification of a sub-
stance and the identification of related adverse effects are likened to the dose or level
of exposure to humans, animals, and the environment (Paulus 2005; Sondossi 2009).

Recently, many researchers have showed the possibility of using new method-
ologies for eradicating microbial colonization on cultural heritage without the use
of harmful substances.

3.3  Novel Molecules with Antimicrobial Activity

Many strategies have been developed and tested as an alternative to traditional bio-
cides (Silva et al. 2015; Sasso et al. 2013; Guiamet et al. 2006; Sequeira et al. 2012;
Mansour and Ahmed 2012). These innovative approaches include the use of syn-
thetic or natural molecules with antimicrobial activity.
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3.3.1 Synthetic Molecules

Excellent results have been obtained in medical and pharmaceutical fields by using
metal nanoparticles (e.g., silver, copper, platinum, gold, titanium, zinc) in antimicrobial
coatings (Rai et al. 2010; Knetsch and Koole 2011; Fu et al. 2005). The antibacterial
properties of silver nanoparticles (AgNPs) have been investigated to control microbial
colonization on the surface of historical objects, archival documents, and stone materi-
als (Bellissima et al. 2014; Gutarowska et al. 2012, 2014; Essa and Khallaf 2014,
Carrillo-Gonzalez et al. 2016; Kumar et al. 2008). The antimicrobial effect of AgNPs
against microbial genera (eight bacteria and seven fungi) isolated from archeological
mural biofilms has been tested (Carrillo-Gonzalez et al. 2016); these works showed
several properties for nanoparticles, such as thermal stability and low toxicity.

Moreover, some researchers have focused their attention on biocide efficiency of
zinc nanopowders (ZnO and ZnTiO;) and antimicrobial photocatalytic coatings
(TiO,) (Ruffolo et al. 2010; La Russa et al. 2012). Nanoparticles of ZnO or TiO,,
added to suspensions of Ca(OH),, were applied on two limestone lithotype surfaces;
both coatings displayed antifungal activity against Penicillium oxalicum and
Aspergillus niger (Gémez-Ortiz et al. 2013). Two silsesquioxane-based hybrid
nanocomposites (methacrylate units containing titania and/or silver nanoparticles)
utilized for coatings of monumental stones showed high antibacterial/antifungal
efficiency (Aflori et al. 2013). Zinc oxide nanoparticles (ZnO-NPs) were tested on
stone specimens evaluating the possible chromatic change after treatment, and the
biostatic activity of bioactive nanocomposites was assessed against Aspergillus
niger (Ditaranto et al. 2015; van der Werf et al. 2015). Recently, novel compounds
have been tested for the conservation of wood or used in underwater archeological
sites (Oliva et al. 2015; Walsh et al. 2016; Ruffolo et al. 2013).

3.3.2 Natural Molecules

Recently, several publications have highlighted that some natural products (i.e.,
from animal and plants) may represent sustainable alternatives to traditional proce-
dures to control microbial colonization (Valgas et al. 2007; Barresi et al. 2015; de la
Paz et al. 2006; Borrego et al. 2012; Casiglia et al. 2014).

Antimicrobial peptides (AMPs) are typically small molecules (up to 3000 Da)
naturally produced in cells and tissues of invertebrate, plant, and animal species, so
they are ubiquitous for their importance in building defense strategies (Brogden
2005). These peptides are mainly found in those tissues that come into contact with
environmental pathogens (skin, ear, eyes, and epithelial surface); such studies have
confirmed the antibacterial and antifungal nature of AMPs (Hancock and Scott
2000). Moreover, AMPs are considered part of the humoral natural defense of inver-
tebrates against infections and have thus been termed “natural antibiotics.” In inver-
tebrates, antimicrobial peptides represent the major humoral defense system against
infection, showing a diverse spectrum of action mechanisms, most of them related
to plasma membrane disturbance and lethal alteration of microbial integrity
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(Otero- Gonzalez et al. 2010). Marine invertebrates, especially sedentary sea anem-
ones are evolved with rich sources of bioactive metabolites, which could be used for
novel antimicrobial drugs (Trapani et al. 2015; Donia and Hamann 2003; Williams
et al. 2007; Pomponi 1999; Jimeno 2002 Gordon et al. 1994; Carté 1996).

The study of biologically active compounds produced by marine organisms is
rooted in the discovery of unusual nucleoside derivatives in extracts from Tethya
crypta, a sponge designed by Bergmann and Feeney in 1950 (Bergmann and Feeney
1950, 1951). In the late 1960s, for the first time, the prostaglandin from a species of
gorgonian, typical of the Caribbean Sea, Plexaura homomalla, was isolated (Proksch
et al. 2002; Weinheimer and Spraggins 1969); up to 2010, more than 15,000 natural
substances produced by marine invertebrates were isolated and tested (Kinghorn
2008). From 2010 to date, more than 15,000 new natural products of marine origin
have been discovered, with over 8,000 compounds registered only in the decade
between 2001 and 2010, representing more than half of the compounds discovered
since 1951 (Faulkner 2002; Blunt et al. 2006).

Asreported by Blue Biotechnology, marine invertebrates and vertebrates (sponges,
tunicates, jellyfish, sea anemones, shellfish, and fishes) represent an important
resource for health, food and processing, and preservation industries (Salomone et al.
2012; Otero-Gonzalez 2010; Smith et al. 2010; Alonso et al. 2003). Some of these
molecules are totally safe for humans and the environment and are both stable and
active at low temperatures, performing a specific action throughout a short reaction
time. As showed by Barresi et al. (2015), these bioactive molecules may represent a
valid alternative to traditional procedures in sustainable restoration projects.

Plant-based biocides are generally plant extracts or essential oils (Acharya et al.
2011) mostly used as biocides in medical, food, and pharmaceutical industries; it
has been demonstrated that natural derivate compounds are highly efficient against
bacteria, fungi, and yeasts (Dubey et al. 2000; Feng and Zheng 2007; Kumar et al.
2010; Walentowska and Foksowicz-Flaczyk 2013; Sakr et al. 2012). Biocide action
is attributable to different secondary metabolites, including essential oils, triterpe-
noids, flavonoids, phenols, alkaloids, coumarins, tannins, and steroids, with differ-
ent models of action, such as regulation of intermediate metabolism, activation or
blocking of enzymatic reactions, and alteration of membrane structures (Kumar and
Simon 2016; Guiamet et al. 2006; Kalemba and Kunicka 2003; Yang and Clausen
2007; Guiamet et al. 2008).

Essential oils from Ocimum gratissimum (basil), Zingiber cassumunar (ginger),
Cymbopogon citratus (lemongrass) and Caesulia axillaris (caesulia) display high effi-
ciency against Aspergillus flavus, as well as thyme, sage, nutmeg and cassia against
Alternaria alternata (Kumar et al. 2010; Dubey et al. 2000; Feng and Zheng 2007).
Arctium and centaurea have been tested for their antimicrobial, antiseptic and disin-
fectant actions, given by their content in coumarins, flavonoids, organic acids and
polyacetylene compounds (Gémez de Saravia et al. 2008). In addition, the antimicro-
bial activity of other essential oils extracted from anise seed, cloves, cumin, garlic,
laurel, orange sweet, and oregano is well known (Borrego et al. 2012). Researchers
from different countries have tested the antimicrobial activity of several plant extracts
and essential oils, using native plants, against microorganisms associated with
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biodeterioration in archives, libraries, and museums (Borrego et al. 2012; Gémez de
Saravia et al. 2008; Guiamet et al. 2008; Rotolo et al. 2016). Essential oils (Iemon,
spearmint, fennel, marjoram, rosemary) have been assayed at different concentrations
against yeast colonies isolated from royal tombs (limestone and granite blocks) at
Tanis (Ghalem and Mohamed 2008). The antimicrobial activity of Ricinus communis
against different bacteria isolated from indoor air documents repositories in the
National Archives of Cuba has been determined (de la Paz et al. 2006).

Guiamet et al. (2008) selected extracts from several species of plants (Cichorium
intybus L., Arctium lappa L., Centaurea cyanus L., Medicago sativa L., Plantago
major L., Eucalyptus citriodora Hook, Pinus caribaea Morelet, Allium sativum L.,
Piper auritum Kunth) estimating the minimum inhibitory concentration (MIC). The
antimicrobial activity was tested against Bacillus sp., isolated from the surface of
photographic paper stored in the Historical Archive in Argentina. Considerable
interest in oregano (Origanum vulgare L., Lamiaceae) extracts and essential oil has
been established in agricultural, pharmaceutical, and cosmetic industries (Sahin
et al. 2004). The antifungal activity of Origanum vulgare, Rosmarinus officinalis,
and Lavandula angustifolia (Lamiaceae) essential oils has been investigated against
fungi (Bipolaris spicifera and Epicoccum nigrum) isolated from stone and wooden
(Aspergillus niger, Aspergillus ochraceus, Penicillium sp., and Trichoderma viride)
objects (Stupar et al. 2014). The antifungal activity of Origanum vulgare L. and
Thymus vulgaris L. has been evaluated by Lavin and colleagues (2016) against
Scopulariopsis sp. and Fusarium sp. isolated from paper documents. O.vulgare
essential oil has been also tested aginst even Aspergillus species isolated from dif-
ferent substrata (stone, brick, silk and paper) of cultural heritage objects in Serbia
by Savkovic et al. (2016), comparing the biocide activity of commercial biocides
(silver ions and hydrogen peroxide).

Casiglia and coworkers (2015) confirmed that thymus essential oil has good anti-
microbial activity, comparable with the action of chloramphenicol and ketoconazole,
against Bacillus subtilis and Staphylococcus epidermidis, besides excellent antifungal
properties against Fusarium oxysporum and Aspergillus niger (microorganisms quite
frequently infesting archives, libraries, and historical art craft objects). Moreover, sev-
eral plant essential oils can be applied in the prevention of fungal infections, demon-
strating an antifungal activity greater than some commercial fungicides (Sokovi¢ et al.
2009), and due to their safety and selective action can be applied in the sustainable
conservation of artworks (Vukojevi¢ and Grbi¢ 2010). The antifungal activity of the
essential oils (hydroalcoholic/water extracts) of Ocimum basilicum against Aspergillus
sp., Penicillium sp. and Mucor sp. colonizing paper artifacts has also been investigated
(Fierascu et al. 2014). The control of fungal colonization (Fusarium oxysporum,
Aspergillus niger, Alternaria alternata) on Egyptian stucco ornaments has been per-
formed by some plant extracts (Anethum graveolens, Cymbopogon citrates, Juniperus
oxycedrus) or essential oils, including Tea tree oil, against the most cellulolytic fungi
(Penicillium sp., Aspergillus flavus, Trichoderma viride, Alternaria tenuis and
Aspergillus niger) isolated from the aerosol of the National Library and Archives of
Egypt (Afifi 2012; Sahab Ahmed et al. 2014). However, the antimicrobial effect of
plant extracts in archives, libraries and museums has still not been sufficiently explored
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(Guiamet et al. 2008), and further studies should be carried out to evaluate their suc-
cessful application in biodeterioration control.

Currently, unlike antibiotics, a standardized protocol to evaluate the inhibitory
activity of plant extracts is lacking, although the Agar disk diffusion or well diffu-
sion are the used techniques (Al-Hussaini and Mahasneh 2009; Calvo et al. 2001;
Cirkovi¢ et al. 2012; Valgas et al. 2007).

Plant extracts have also been applied to contrast insect pests in a gazelle mummy
(Abdel-Maksoud et al. 2014) and in laboratory specimens, testing directly on ter-
mites (Bacci et al. 2015). Recently, Salem et al. (2016) tested two oils for inhibiting
fungal growth on wooden samples. The activity of the essential oils Pinus rigida
(wood) and Eucalyptus camaldulensis (leaves) was estimated against five common
mold fungi (Alternaria alternata, Fusarium subglutinans, Chaetomium globosum,
Aspergillus niger and Trichoderma viride). The findings support the potential use of
the essential oils in wood protection for surface treatment or fumigation.

Moreover, fumigation by essential oils (geranium, spikenard, muskmelon, and
patchouli) against museum insects has been investigated and can be considered an
interesting alternative to ethylene oxide fumigation (Borrego et al. 2012; Chun et al.
2000).

3.4  Detection of Antimicrobial Activity: In Vitro Analysis

The activity of antimicrobial agents must be tested considering specific factors,
such as reproducibility, accuracy and ease of use, as well as costs. All standardized
methods used in clinical microbiology laboratories consist in susceptibility tests
against antimicrobial agents, also detecting resistance in bacterial isolates (Jorgensen
and Ferraro 2009). There are many international AST (antimicrobial susceptibility
testing) standards or guidelines available from organizations and professional soci-
eties (CLSI, EUCAST, OIE).!

Several bioassays, such as disk/well diffusion and broth/agar diffusion, can be
utilized to evaluate the in vitro efficiency of a potential antimicrobial agent
(Balouiri et al. 2016; Pereira et al. 2013). The Agar disk diffusion method was
developed in 1940, representing the routine antimicrobial susceptibility test
(Balouiri et al. 2016). According to Bauer et al. (1966), this method consists in
placing paper disks (6 mm in diameter) soaked with an antimicrobial agent, onto
a microbial lawn growth on agar plates. The antimicrobial agent diffuses from the
disks into the agar medium inhibiting microbial growth, producing an inhibition
halo, whose diameter is highly related to antimicrobial activity (Fig. 3.1a). This
low-cost practice offers some advantages such as simplicity and facility in testing
a large number of microorganisms and antimicrobial agents (Balouiri et al. 2016;
Discroll et al. 2012; Jorgensen and Ferraro 2009). This method has some variants
if the antimicrobial activity of natural extracts and organic acids is evaluated

'CLSI Clinical and Laboratory Standard Institute; EUCAST European Committee on Antimicrobial
Susceptibility Testing; OIE World Organization for Animal Health.
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Fig. 3.1 Antimicrobial assays by (a) Agar disk diffusion method, the inhibition halo is clearly
visible around the disk previously soaked with antimicrobial agent; (b) Microdilution method per-
formed in 96-well microtiter plate; (¢) Agar well diffusion method, a hole is punched into agar
plate, and the halo related to fungal growth inhibition is evident around the hole

against bacteria and fungi. In the specific case of natural extracts or essential oils
(volatile compounds), the Aromatogram method can be used for the evaluation of
antimicrobial activity (Calvo et al. 2001).

The broth and agar dilution methods are used to determine the MIC concentra-
tion (expressed in pg/mL or mg/L) of the antimicrobial compound able to inhibit
any visible microbial growth. In the case of broth dilution, test microorganisms are
inoculated into a liquid growth medium with different concentrations of an antimi-
crobial agent (Balouiri et al. 2016; Wiegand et al. 2008). The MIC value is mea-
sured after incubation for 16-20 h (bacteria) or 3648 h (fungi).

The broth dilution procedure (macrodilution) involves dilution of an antimicro-
bial agent in minimum 2 mL of liquid medium (Balouiri et al. 2016; Jorgensen and
Ferraro 2009). The method may be performed also using 50-100 pl (microdilution),
generally in 96-well microtiter plates (Fig. 3.1b) (Domig et al. 2007). In both meth-
ods, standardized microbial suspension is utilized to inoculate the liquid culture
(NCCLS 2000). The determination of minimum bactericidal concentration (MBC)
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or minimum fungicidal concentration (MFC) is the most common estimation of
bactericidal or fungicidal activity. The MBC is defined as the lowest concentration
of an antimicrobial agent needed to kill 99.9 % of the final inoculum after incuba-
tion for 24 h under a standardized set of conditions (Balouiri et al. 2016).

The well diffusion method is widely used to evaluate, in particular, the antimicro-
bial activity of plant or microbial extracts (Guiamet et al. 2008; Borrego et al. 2012;
Gomez de Saravia et al. 2008). A hole (diameter 6-8 mm) is punched aseptically
onto the surface of inoculated agar plates (Fig. 3.1c), and a volume of the antimicro-
bial agent, at a defined concentration, is put into the well, which then diffuses in the
agar medium, inhibiting microbial growth (Calvo et al. 2001; Balouiri et al. 2016).
The antimicrobial activity of plant extracts has been assayed also using aromatogram
(Calvo et al. 2011).

Other methods in use include antimicrobial gradient method (Etest), based on the
creation of an antimicrobial concentration gradient in the agar medium (Balouiri et al.
2016; Jorgensen and Ferraro 2009); Time kill test, used to evaluate the interaction
between antimicrobial agent and microbial strain; and ATP bioluminescence assay,
based on the measure of adenosine triphosphate (ATP) present in bacteria or fungi in
order to estimate the microbial consortia (Sanmartin et al. 2016; Balouiri et al. 2016).
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Abstract

Cleaning is one of the first and most important steps in conservative restora-
tion intervention, as it removes the unwanted layers of dirt and deposit from
the surface of an artefact. It must be done selectively, however, by adapting
the cleaning operation to the different zones and removing successive layers
of deposit without acting directly on the original materials of the surface.
Generally, cleaning protocols are based on chemical or physical procedures
with potential negative effects for restorers’ health and/or for the materials
constituting the artworks. As an alternative, solvent gels, rigid gels and resin
soaps can be used for selective cleaning. In recent decades, biological clean-
ing has greatly improved as a result of research into biotechnologies and today
plays an important role in the preservation and restoration of cultural assets.
Nowadays, biocleaning by viable bacterial cells or hydrolytic enzymes
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represents a resource with great potential in the restoration of cultural heri-
tage, minimising risks for artworks and for human health. New methodologies
based on sulphate-reducing bacteria or bioactive molecules with hydrolytic
activity have been applied as selective and safer cleaning methods in the
removal of black crusts from stone surfaces or organic materials such as glue
and/or adhesives, from paintings and other substrates.

4.1 The Action of Cleaning in Restoration Projects

In the modern concept of cultural heritage restoration, the approach of minimal inter-
vention is one of the main cornerstones established in several codes of ethics for
restorers and conservators, such as that in the professional guidelines by the European
Confederation of Conservator Restorers’ Organisations (E.C.C.0O. 2003). In sum-
mary, this approach consists in limiting interventions at minimum level, avoid-
ing unnecessary ones and focusing on the control and/or mitigation of the
causes of the decay, following the principles of ‘preventive conservation’
(Tabasso 2004).

From this perspective, cleaning treatments should focus essentially on the
controlled dislodging from the surface of only those materials and substances
that may interact negatively with the integrity of the underlying layers
(Cremonesi 2003), re-establishing a reasonable aesthetic condition of the art-
work and achieving a state of legibility (Bonsanti 2003). This means, for exam-
ple, avoiding frequent and invasive artwork magquillages for media art
exhibitions. In order not to consider cultural heritage merely as ‘consumer
goods’, Cremonesi declares that a ‘Charter of Rights’ for works of art should
be drawn up, so that their constituent materials are respected and they are
enjoyed to the full in a sustainable way: care for the integrity of the layers
through preliminary diagnosis and highly selective methods for the removal of
undesired substances should therefore become a must for any advanced restorer
(Cremonesi 2003).

The selectiveness of specific cleaning methods means that direct conse-
quences are low impact for the artwork, environment and restorers involved.
This is evident when comparing conventional cleaning methods (e.g. mechani-
cal methods) with innovative protocols. For example, aqueous methods, able to
couple the mild chemical action of water with other components such as chelat-
ing agents, surfactants, enzymes or living bacterial cells, are particularly selec-
tive and performing. In fact, thanks to the synergic effect of proper buffers and
highly selective components, it is possible to act only against target compounds
avoiding any interaction with others that we wish to preserve. As can be seen later,
research on innovative cleaning methods is now moving towards biotechnology by
searching for new chemicals, exploiting the specific metabolic capabilities of viable
microorganisms and enhancing the proprieties of enzymes, for the bioremediation
of polluted artworks.
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4.2 Removing Undesired Layers from Artefact Surfaces

According to the illustrated glossary on stone deterioration patterns by ICOMOS!
(Verges-Belmin 2008), a stone alteration is a modification of the material that does
not necessarily imply a worsening of its characteristics from the point of view of
conservation. Thus, we may distinguish harmful from harmless alterations: the for-
mer should be eliminated or reduced because they threaten the conservation of the
artwork; the latter need to be preserved because eliminating them would be point-
less or even dangerous for the sound surface.

Among the harmful alterations, an additional distinction can be made between
those that are endogenous or exogenous. Endogenous alterations derive from a syn-
ergic interaction between the artwork constituents and the surrounding environment
(made up of pollutants and weathering), while exogenous ones derive from the
accumulation of deposits or applied films on the surface, which may or may not
interact with artwork constituents. Examples of harmful endogenous alterations are
black and salt crusts, typical of stone or mural paintings, originated by an alteration
of the constitutive minerals in sulphate (i.e. gypsum) or nitrate. They are considered
undesired layers because of their disruptive action on the sound surface, which leads
to loss of legibility and the gradual dissolution of the artwork. Several cleaning
methods have been adopted to mitigate their presence, but many of them fail, caus-
ing loss of the constitutive materials due to the fact that altered layers are usually
strongly bonded to the substrate.

On the other hand, altered layer called patina nobile, resulting from a natural
ageing of artefact surface, contributes to the aesthetic significance of the artwork by
inducing empathy in the spectator (Weil 1985) and is usually preserved. Furthermore,
patina may represent a protection for the underlying layers from weathering and
aggressive pollutants.

Biological deposits, residues from inaccurate past restoration and graffiti are
usually harmful or undesired exogenous alterations, which have to be removed by
cleaning, with some exceptions, for example, some past restoration or finishing
treatments modifying positively by ageing, forming a protective and uniform layer
on the surface, such as for oxalate films (Alessandrini 2005). Epilitic lichens show-
ing low invasiveness on the substrate sometimes have aesthetical and historical
value. Their removal, furthermore, could subsequently lead to serious damage
exposing the bare surface to more aggressive biodeterioration agents such as black
fungi or cyanobacteria (Pinna 2004).

This schematic discussion about alterations may conceal the complexity that
each restorer faces in the cleaning process. Determining the nature and potential
hazard of any single layer requires an accurate technical diagnosis and a careful
historical and artistic interpretation of the artwork. A respectful and ‘minimal’
cleaning operation foresees a proper conservation project design (Mecchi and
Sansonetti 2004) leading to modular and target-specific intervention on the artwork
surface.

!International Council on Monuments and Sites.
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4.2.1 Viable Bacterial Cells

It is only in the last few decades that microbiology applied to cultural heritage has
been considered in the perspective of microbial contamination and the consequent
degradation of artwork surfaces. The binomial correlation microorganism deterio-
ration, deeply rooted in medical microbiology, dominated the scientific literature
of the sector during the last century, promoting the development of specific tools
for the precise identification of biodegradation agents and the study of their effects.
However, microorganisms are not only decaying promoters. More recently, another
field of study has focused its attention on ‘good microbes’ that are able to lead
virtuous processes, useful in restoring practices. This field of study has been devel-
oped starting from the concept that specific microorganisms, by means of their
metabolic properties, are essential to all biogeochemical cycling processes and
their activity plays an important part in all facets of environmental and human life
(Mapelli et al. 2012).

Moreover, as microbiology has always been a practical discipline, in the era of
biotechnologies this assumes new importance due to the possibility of using new
tools to manage microbes and their potentialities. The exploitation of the metabolic
capabilities associated with microbes has been recently defined as microbial
resource management (MRM) (Verstraete et al. 2007). According to this concept,
microbial communities can be managed directly (e.g. by introducing into the
environment-specific microorganisms with desired capabilities) or indirectly (for
instance, by acting on environmental parameters for the growth of the desired
microbial species) in order to induce a positive effect in their surroundings, such as,
for example, in polluted soil and water, or on the surface of artistic objects. In fact,
as microorganisms are able to degrade environmental contaminants from different
sites, they can, in the same way, remove undesired substances from objects that we
want to preserve.

Notably, artworks and monuments, especially outdoors, are subjected to the
action of several physical and chemical factors that give rise to the accumulation, on
their surface, of several undesired and harmful layers such as black crusts, caused
by sulphation and/or nitration phenomena, deposition of organic substances and
accumulation of acidic varnish or aged adhesive, caused by inappropriate restora-
tion practices or negligence.

From the end of the 1980s, selected bacteria have been successfully employed as
cleaning agents, leading to the development of a new and green method of restora-
tion known as biocleaning (or biorestoration in a wider sense) (Ranalli et al. 2000).
In principle, the method exploits the capability of specific bacteria to use undesired
substances, such as oxidised compounds of sulphur or nitrogen as electron accep-
tors or, in the case of organic matter, such as a carbon source, inducing their gradual
degradation. Similarly to enzymatic cleaning (see Sect. 4.2.2), this procedure may
be included among the aqueous methods, sharing with them a high level of selectiv-
ity and low impact for artworks (Ranalli and Sorlini 2003).

A careful selection of the appropriate microorganisms, with good performance in
the removal of the undesired substances (e.g. nitrates, sulphates or organic matters),
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is one of the first steps in planning biorestoration strategies. Thus, the best approach
in finding an effective biocleaning agent is to perform a proper chemical-physical
characterisation of the decay and to isolate microorganisms from the most similar
chemical-physical environment (Ranalli et al. 2000; Troiano et al. 2014). Of course,
selected strains have to be non-pathogenic for humans or harmless for the environ-
ment and possibly non-spore forming to facilitate their dislodging after treatment.
Moreover, in order to optimise their activity on the surface that we want to clean,
bacteria need to be applied by using a matrix able to (/) provide them with the right
environmental conditions, (2) keep them in contact with the alteration without inter-
acting with the surface, and (3) be quick and easy to prepare, to apply and remove
(Bosch-Roig and Ranalli 2014).

Over the years, several research groups have dealt with the different aspects of
biocleaning, improving the method and in some cases leading to large-scale appli-
cations and industrial development of commercial products. In the present chapter,
we will discuss several case studies set up for the removal of sulphates, nitrates and
organic matter alterations from monuments and mural paintings.

4.2.1.1 Removal of Sulphate

Marble and stone sulphation occurs in the presence of moisture when sulphur diox-
ide, a major urban atmosphere pollutant, is converted to sulphuric acid, which reacts
with marble and other soluble calcareous substrates to form gypsum (Boke et al.
1999). During gypsum crystallisation, airborne organic pollutants and carbonaceous
particles accumulate on surfaces protected from rainfall and wash-out and are sub-
sequently trapped in the newly formed mineral matrix to form a so-called black
crust (Moropoulou et al. 1998; El-Metwally and Ramadan 2005). The cleaning of
crusts is essential, not only for the conservation of deteriorated areas but also for
preventing further erosion phenomena (Kapsalas et al. 2007).

In the traditional conservation approach, the main methods for the removal of
black crust are mechanical and chemical and, more recently, laser cleaning treat-
ments. Mechanical methods are largely used even if they can cause erosion of the
sound stone; chemical treatments generally produce good results in a reasonable
time but, because of their wide range of action, are not selective and can be danger-
ous for human health and the environment (Lazzarini and Laurenzi Tabasso 1986).
The employment of laser is a more recent method that is spreading because of its
high selectivity and faster application time, though there is still uncertainty con-
cerning its real interaction with the different substances in the crust (Salimbeni
et al. 2001).

An alternative cleaning technology employs sulphate-reducing bacteria.
Sulphate-reducing bacteria (SRB) are able, in anaerobic environments, to dissociate
gypsum into calcium and sulphates, the latter being reduced by the bacteria and the
former, reacting with carbon dioxide, converted to new calcite (Gauri and
Bandyopadhyay 1999). By reducing sulphates to hydrogen sulphide, these bacteria
are able to obtain energy. Thanks to this anaerobic respiration, SRB are able to
break the molecular structure of gypsum, which can be easily removed from the
stone surface by using water and a soft brush, cotton wool or a sponge.
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The first successful application of the anaerobic sulphate reducer Desulfovibrio
desulfuricans was reported by Atlas and colleagues (1988). They obtained a partial
removal of the crust (assessed only visually) by completely immersing different
samples of marble with black weathering crusts rich in gypsum, in a broth contain-
ing the SRB. Calcite was also found on all the treated surfaces, suggesting that this
microbe has both the potential to clean crusted marble monuments and to regenerate
calcite. In 1992, using the same system, Guari and colleagues were able to remove
the black crust after 84 h, from an entire old gypsum-encrusted marble statue previ-
ously consolidated (Gauri et al. 1992).

Even if the immersion system had obvious drawbacks (that we will discuss later),
employing SRB as a cleaning agent was promising, and further research was carried
out in order to optimise the method.

The first to employ SRB outside an underwater system were Ranalli and col-
leagues (1997). They tested different strains of Desulfovibrio in pure and mixed
culture on marble specimens using sepiolite (a clay mineral) as a delivery system, in
an anaerobic condition.

Later, in 2006, Cappitelli and colleagues improved the methodology by using
Desulfovibrio vulgaris subsp. vulgaris ATCC 29579 and Carbogel (CTS, Vicenza,
Italy) as cell carrier (Cappitelli et al. 2006). This strain is able to reduce sulphate
even under low oxygen tension, making surface application easier. On the other
hand, Carbogel guaranteed a faster and higher bacterial colonisation of the delivery
system, higher water retention and better contact between the cells and surface
reducing some other drawbacks encountered using sepiolite, as we will see later
when discussing delivery systems. The obtained bacterial matrix was applied on a
marble specimen fragment from Milan Cathedral, altered with a 2-3 mm thick
black crust. The matrix was not applied directly on the crust. A Japanese paper layer
soaked with phosphate buffer was placed between the treated surface and the matrix,
in order to facilitate the removal of the delivery system at the end of the treatment.
Finally, a plastic film was applied on top of the matrix to reduce oxygen diffusion
and increase water retention. The treatment ceased only when removal of the black
crust was visually satisfactory: three applications, each of 15 h, were needed. Two
parameters were monitored to evaluate biocleaning effectiveness: ion-exchange
chromatography and colour measurements. Analysis showed a 98 % removal of sul-
phates in the crust.

The improved biological method was further tested in two subsequent studies
that demonstrated the superiority of biocleaning against chemical and physical
methods. In the first one (Cappitelli et al. 2007), the SRB-Carbogel system was
compared to an ammonium carbonate-EDTA mixture to remove a black crust from
a lunetta of Candoglia marble from the Milan Cathedral. Results obtained by optical
microscopy, SEM-EDS and FTIR analysis showed that the biological procedure
produced a more homogenous removal of the surface deposits and a good preserva-
tion of the noble patina under the crust. In the second one (Gioventu et al. 2011), the
prototype D. vulgaris ATCC 29579 in Carbogel was tested against chemical (ammo-
nium carbonate-EDTA +Tween20) and laser (1064 nm, Nd: YAG laser) methods on
three different lithotypes on the external walls of the Florence Cathedral: green
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serpentine, red marlstone and Carrara white marble. Using the above-mentioned
analysis and colour measurements, it was found that the chemical method led to
nonhomogenous crust removal and occasional detachment of fragments and the
laser technique left a thin yellow layer visible to the naked eye, and on Carrara
marble in particular, it left a residual layer of gypsum. On the contrary, biological
cleaning was satisfactory and showed none of the above-mentioned drawbacks.

In 2010, D. vulgaris was applied for the first time on two limestone sculptures
situated in the courtyard of Buonconsiglio Castle in Trento (Polo et al. 2010),
obtaining successful removal of the black crust after three applications. Using the
same system, biocleaning has been carried out in situ for the removal of black crust
from the Pieta Rondanini by Michelangelo (Cappitelli et al. 2005) (located in the
Sforzesco Castle in Milan), the sculpture ‘Allegoria della Morte’ by Lazzerini in
Florence (Gioventu and Lorenzi 2013) and some areas of the facade of S. Maria
delle Grazie, in Milan.

Despite the good results, there were still some drawbacks. Thickness and chemi-
cal heterogeneity of the crust occasionally determined long treatment times and
uncompleted layer removal by the action of a single selective biocleaning agent.
Indeed, black crust alterations are often not only composed of sulphate deposits but
also by a complex mixture of nitrate and other various compounds such as carbonate
salts, apatite and proteins (Mazzoni et al. 2014). It is worth noting that in case of
powdery, an incoherent stone, prolonged contact of surfaces with water, even in a
gelled state, can further exacerbate the degradation (Normandin and Slaton 2005).
Several strategies, depending on the nature of the crust, have been proposed to over-
come these limitations. Gioventu and Lorenzi (2010) obtained faster removal by a
preliminary mechanical lowering of the crust before SRB-Carbogel applications.
Troiano and colleagues (2013) suggested for the first time an integrated approach of
chemical and biological methods, coupling on a stone column affected by black
crusts the effects of SRB-Carbogel with a nonionic detergent pretreatment. The
coupling of the two treatments removed the black crust without affecting the origi-
nal sound marble, with 38 % reduction in cleaning time. The combined method was
later applied to a century-old marble statue weathered by sulphate-based crusts and
grey deposits. The detergent used alone effectively removed the grey deposit but not
the black crust. However, the co-treatment synergy resulted in the complete removal
of the black crust layers, with the added advantages, compared to biocleaning alone,
of fewer biological applications (from seven to two) and a 70 % reduction in total
cleaning time.

To remove black crust made of a mixture of nitrates and sulphates, Alfano and
colleagues (2011) proposed a multilayer biosystem consisting of a Carbogel matrix
enriched with Pseudomonas pseudoalcaligenes KF707, a nitrate-reducing strain,
and D. vulgaris ATCC 29579. The effectiveness of this advanced system was con-
firmed by long-term data monitoring, after 6 years from the start of treatment.

The same multilayer strategy was attempted by Mazzoni and colleagues (2014)
for the first time on wall paintings (in Casina Farnese, Rome) affected by a hard-to-
remove inhomogeneous deposit layer. To solubilise the crust made of calcium sul-
phate, calcium oxalate, apatite and aged casein, researchers employed an innovative
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modified laponite matrix (a colloidal clay consisting of a mixture of silicates of
sodium, magnesium and lithium) containing three non-spore-forming bacterial
strains: Cellulosimicrobium cellulans (able to solubilise calcium sulphate and car-
bonate), Stenotrophomonas maltophilia (a protein degrader) and Pseudomonas
koreensis (able to solubilise inorganic compounds and to degrade protein material).
According to the authors, laponite micro-packs containing the biocleaning agents
showed high effectiveness in reducing and softening the complex deposit layer,
without operating limitations. It was effective in aerobic conditions and in a wide
range of temperatures (from 6 to 37 °C), safe for the restorer and with no damage to
the pictorial layer or the underlying noble patina. Furthermore, micro-packs showed
easy application and removal on vertical surfaces and ceilings.

In view of the interesting potential impact on the market, the employment of
microorganisms in different carriers has been recently patented [MI2006A000776;
RM2013A000519]. In particular, the use of D. vulgaris in a modified polyacrylic
acid as cell carrier, thanks to a technology transfer process, is now a commercial
product, available to restorers (Micro4Art sulfate produced by Micro4yoU S.r.l. and
distributed by Bresciani S.r.1.).

4.2.1.2 Removal of Nitrate

As for sulphates, nitrate formation affects the surface of outdoor stones. Nitrogen
dioxide is a by-product coming from industrial combustion installations and vehi-
cles. In the atmosphere, it is first oxidised to N,Os and then to nitric acid. When
nitric acid interacts with the calcium carbonate of the stone, it produces calcium
nitrate which is more soluble than the original mineral phases and causes the pul-
verisation of sound stones or the generation of microcracks in wall paintings
(Warscheid and Braams 2000).

Nitrate salts may also arise from industrial agriculture or from the soil, climbing
up the external wall of buildings, especially when bodies are buried in close proxim-
ity, as, for example, in the case of old cemeteries constructed around churches or
cathedrals (Alfano et al. 2011).

Nitrate efflorescence is also frequent on indoor wall paintings as a result of bio-
logical processes, residual restoration products left on the surface because of inac-
curate restoration or natural ageing processes of the painting constituents (Doehne
and Price 2010).

However, as for sulphates, nitrates can be reduced by specific bacteria (nitrate-
reducing bacteria, NRB). Ranalli and colleagues (1996) were the first to employ
nitrate-reducing bacteria (NRB) in lab trials. Real samples of Vicenza stone altered
by nitrates and artificially aged samples were treated with a strain of Pseudomonas
stutzeri delivered in sepiolite. The application lasted 30 h, with removal of 88 % of
nitrates.

During the BIOBRUSH (Bioremediation for Building Restoration of the Urban
Stone Heritage in European States) European research programme (May et al.
2008), Matera Cathedral was a model for in situ NRB applications. Indeed, abun-
dant soluble nitrates, causing darkening and pulverisation of the stones, affect the
lower 2 m of the external walls of the church. The salts originate from the oxidation
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of various N-organic compounds from bodies, which were buried in the ground
when the area was used as a cemetery (Alfano et al. 2011). During the first trials,
Carbogel or a mortar-alginate matrix was used as a delivery system for a NRB
strain of Pseudomonas pseudoalcaligenes. The applications showed good nitrate
removal; nevertheless, a significant contribution of the carrier especially Carbogel
(up to 20% of nitrate removal) was also observed. On the other hand, mortar-
alginate sustained a longer NRB activity in the interface between the surface area
and the matrix.

In 2013, the system based on the use of P. stutzeri was applied for the first time
on a wall painting altered by nitrate salt efflorescence (Bosch-Roig et al. 2013a).
The research was carried out for the cleaning of wall paintings in Santos Juanes
church in Valencia (Spain). In this case, among tested supports, agar was chosen as
the most efficient in removing salts on vertical surfaces and as the most proper and
safe because it reduces the amount of water released by the application system on
the painted surface. Using this technique, a reduction of 92 % in nitrate efflores-
cence was proved by ion-exchange chromatography.

The biological removal of nitrates has not received as much attention from scien-
tists as sulphates, possibly because the former are more soluble than sulphates and
do not produce a marked and anti-aesthetic crust as the latter (Webster and May
2006). Nevertheless, as we have seen in the above-mentioned works by Alfano et al.
(2011) and Mazzoni et al. (2014), their use in combination with other biocleaning
agents appears promising especially for the removal of inhomogeneous and hard-to-
remove black crust made of a mixture of sulphates, nitrate and other substances.

4.2.1.3 Removal of Organic Matter

In addition to air pollutants and biofilms, the surfaces of man-made artistic stone-
work can also be altered by organic matter that has been applied, but then not com-
pletely removed, during restoration. Residuals often act as a good growth substrate
for microorganisms and mycetes that destroy the surface and allow hyphae penetra-
tion (Ranalli et al. 2005).

Fourteenth-century Pisa frescoes in the Monumental Cemetery (Camposanto),
painted by famous artists such as Buonamico Buffalmacco and Spinello Aretino,
represent the most important example of biocleaning for the removal of aged organic
matter from painted surfaces. During an air raid by the allies in 1944, some bombs
fell on the cemetery damaging the frescoes that were removed from the walls using
the ‘tear-off” technique, in order to be restored at a later data. The ‘tear-off’ tech-
nique consists in the application of a gauze on the fresco surface, by using animal
glue as a consolidating agent. After glue adhesion, the cloth and the fresco form one
single layer, which is then detached from the wall. One of these frescoes, ‘Conversion
of S. Efisio and Battle’, that was restored and replaced in the original site was again
removed in the 1980s, using the ‘tear-off” technique, since discoloured and dam-
aged (air humidity and pollution). Twenty years later, curators attempting a second
restoration found great difficulty in removing the gauze from the previous restora-
tion, which still adhered to the paint layer on the front surface, even when treated
with a mixture of the most aggressive proteolytic enzymes available on the market
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(Ranalli et al. 2005). The failure was ascribed to the presence of formalin respon-
sible for the formation of insoluble compounds during the long storage (Antonioli
et al. 2005). Based on previous lab trials (Ranalli et al. 2003), a suspension of
Pseudomonas stutzeri (DSMZ 5190) was applied to the fresco embedded in hydro-
philic cotton strips, which were laid over it. After 8—12 h, the bacteria were able to
digest the glue, allowing the removal of the gauze (Ranalli et al. 2005). By pro-
teomic analysis, Antonioli and colleagues (2005) in a lab trial showed that in the
presence of glue or aged glue, P. stutzeri DSMZ 5190 produces caseinolytic and
collagenase activity, two fundamental enzymes needed for the digestion of the main
animal glue constituents. This experiment shows once again the wide versatility of
bacterial metabolism. In fact, bacteria are known to produce not only constitutive
but also inducible enzymes whose synthesis takes place only in the presence of a
specific substrate. These enzymes can attack and degrade different types of mole-
cules only when the bacterial cells are exposed to them, creating a regulatory effect.

However, in this case, after gauze removal from the fresco surface, to avoid direct
and longer interaction between the bacterial suspension and the painted layer, a
mixture of proteolytic enzymes was employed to remove the glue residues com-
pletely (Ranalli et al. 2005).

In 2013, Bosh-Roig and colleagues improved the above-mentioned method.
Using agar instead of cotton as a carrier for P. stutzeri (DSMZ 5190), authors were
able to reduce to 2 h the duration of the biocleaning on an eighteenth-century fresco,
sited at the central vault of the Santos Juanes Church, in Valencia, Spain. Compared
with the cotton carrier, agar reduced the amount of the required bacteria by ten times
and supported their activity better. Apart the obvious economic advantage, the
shorter interaction between bacteria and the painted surface has prevented the inte-
grated use of expensive proteolytic enzymes (Bosch-Roig et al. 2013b).

In 2012, glue removal with P. stutzeri was attempted on another fourteenth-
century fresco (Stories of the Holy Fathers by Buonamico Buffalmacco) belonging
to the complex of the Monumental Cemetery in Pisa (Lustrato et al. 2012). This
time the aim was to remove proteinaceous material residues from past incorrect
restorations. Over the years, the proteinaceous materials had caused serious altera-
tions and, as in the previous case, had become very hard and resistant to commonly
used solvents. For the first time, a fully computerised laboratory batch fermenter
(20 1 useful volume) was used to obtain a suitable amount of viable bacterial cell
biomass for a full-scale biocleaning (about 95 m? of surface area). Before applica-
tion, the detached fresco was laid flat, in a horizontal position and completely cov-
ered with silk tissue paper. The bacterial culture was manually applied to the paper
by using a large roller, using gentle brush strokes all over the surface. Sterile cotton
swabs soaked with an abundant, activated, bacterial biomass were finally applied
over the fresco, adhering to the tissue paper. After preliminary testing, ex situ bio-
restoration treatment was performed by a single-step application lasting only 2 h. In
this case, due to the short duration of the treatment, cotton was chosen as the best
carrier for the bacterial suspension. After the biocleaning, the fresco was subjected
to short- and medium-term monitoring to assess microbial colonisation, activity and
the presence of any undesired viable P. stutzeri cells. The absence of any viable cells
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in the fresco after bio-treatment, and thus of any potential negative effects due to
their metabolism, was confirmed.

Another application in the biocleaning field may be seen in the removal of differ-
ent hard-to-remove organic substances, such as organic synthetic polymers used in
restoration — such as adhesives or protective coatings — or original constituents of
contemporary artworks, which cause deterioration by ageing processes.

A valid strategy for the identification of microorganisms able to remove these
materials could be to isolate them directly from varnish, paint or polymer manufac-
turing, industrial wastewater and sludge (Chen et al. 2007; Arutchelvan et al. 2005;
Saleem et al. 2008). In 2014, Troiano and colleagues tested for the first time the
ability of five bacteria to attack a 4-year-old Paraloid B-72. Bacteria were isolated
from biodeteriorated acrylic paintings or wastewater treatment plants. Despite the
presence of cell clusters over the surface of the Paraloid samples inoculated with
one of the strains, observations from the solubility tests, scanning calorimetry and
FTIR analysis and the stereomicroscope and SEM showed that the selected bacteria
were not able to attack the polymer (Troiano et al. 2013). Nevertheless, this meth-
odology could be considered a reference for future research on the bio-removal of
synthetic resin.

4.2.1.4 Bacterial Cell Applications

In order to implement marketable applications of biocleaning products, two main
goals have to be pursued: the first is to search for mixed populations of strains with
different metabolic profiles for heterogeneous degraded layers, and the second is to
make a ready-to-use product with a cheap delivery system.

As we have seen previously, researchers over time have employed different
materials and methods to deliver biocleaning agents on artwork surfaces. In general,
according to a recent review by Bosch-Roig et al. (2014), a carrier should have the
following characteristics:

1. Be able to retain the microorganisms and provide them with the right conditions
(aerobic or anaerobic) and the water they need in order to remove the cause of
decay but without any damage to the art work itself and any undesirable changes
in the colour of the surface

2. Be applicable to all types of surfaces (horizontal, vertical, oblique, rough,
smooth, etc.)

3. Be quick and easy to prepare, but also easy to apply and to eliminate at the end
of the treatment, and using as far as possible only a few inexpensive materials

Apart from the pioneering experimental applications by immersion, the principal
carriers commonly employed have been sepiolite, Carbogel, cotton wool, agar and
laponite. It’s hard to indicate the best material to employ because it mostly depends
on the single circumstances encountered by the restorer, namely, nature and position
of the layer to remove, state of conservation of the artwork and, of course, the physi-
ological requirements of the biocleaner. Thus, strongly degraded and sensitive sur-
faces (such as wall paintings) need short applications and low water release by the
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carrier. In this case, delivering bacteria together with agar on Japanese paper may be
the best solution. On the other hand, when a stronger and homogenous application
of the treatment or a friendly environment for anaerobic bacteria is needed, it may
be better to use Carbogel. Low-cost applications on pre-consolidated surfaces may
be obtained using cotton wool, with low risk to the artworks and easy-to-use appli-
cations. Finally, on vertical surfaces, good results have been achieved employing
micro-packs of laponite.

A biotechnological product for non-specialised end users should be intuitive and
ready to use. Restorers should be able to prepare it quickly even in difficult environ-
ments, such as those usually found in restoration sites. Figure 4.1 reported the sim-
ple steps to prepare Micro4Art sulfate, a biocleaning market product based on
sulphate-reducing bacteria in Carboneutralgel.

4.2.2 Enzymatic Cleaning

Hydrolytic enzymes represent a very helpful tool in the biocleaning of a variety of
artworks, particularly to remove dirt, adhesives and other organic residues from
paintings, mural paintings and paper, wooden and stone artworks (Ranalli et al.
2005; Schwarz et al. 1999; Hamed 2012; Valentini et al. 2012; Barbabietola et al.
2016). Commercial hydrolases, such as proteases, amylases, lipases and esterases,
are isolated from animal (pancreas, stomach), vegetal (seeds of oats and wheat) and
microbial (bacteria or fungi) sources and utilised in biocleaning treatments in order
to remove specific substrates (Palla et al. 2013; Ranalli et al. 2005). Several enzy-
matic treatments in cleaning have been performed on different kinds of objects with
good results, representing a sustainable methodology and a safer approach to the
artworks as well as a valid alternative to conventional acids and alkaline products
(Bosch-Roig and Ranalli 2014; Cremonesi 2013).

Since the 1970s, enzymatic cleaning has found application in conservation
treatments to remove starch paste, animal glues or protein adhesives by amylase
or protease (Wendelbo and Fosse 1970; Segal and Cooper 1977), aged acrylic
coatings on painting by lipase (Bellucci et al. 1999), animal glue and protein/oily
binder from paintings by mixed enzymatic solutions (Makes 1982). Enzymes,
such as trypsin, amylase and protease, were mainly used for the treatment of glue

Fig. 4.1 Steps to prepare Micro4Art solfate, a biocleaning market product based on sulphate-
reducing bacteria in Carboneutralgel: (a) transfer the freeze-dried sulphate content of one sachet
into the supplied jar; (b) add deionised water (preferably pre-reduced water) to the freeze-dried
bacteria until the indicated volume; (¢) add the appropriate cell carrier to obtain the desired den-
sity; (d) apply a layer of Japanese paper on the surface to be treated using a moist brush (preferably
moistened with deionised water); (e) apply the bacterial suspension on the Japanese paper; (f)
cover the area with a plastic film; (g) remove the wrap (plastic film, bacterial formulate and
Japanese paper); (h) rinse the stone delicately with a damp sponge or a brush, and remove eventual
residuals with a cotton bud
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stains on paper (Wendelbo 1976; Segal and Cooper 1977). During the 1990s,
many restorers promoted other cleaning practices by evaluating the toxicity of the
chemical products used since then (Signorini 2013). The technological bioclean-
ing approach is also based on the combined use of viable microbial cells and
hydrolytic enzymes in order to obtain the total removal of undesirable layers on
artwork surfaces (Ranalli et al. 2005; Bosch-Roig et al. 2013b). Preliminary to
enzymatic cleaning, characterisation of the undesired layer must be determined,
for example, using chromatography techniques (Barresi et al. 2015; Cremonesi
2013; Bosch-Roig et al. 2013a, b).

Moreover, enzymatic cleaning is preferable in many cases in relationship to
safety and selectively to remove organic compounds under specific pH and tempera-
ture conditions. Because commercial enzymes require a temperature >37 °C, their
application can represent a limitation. Another feature to be taken into account is
that the inhibitors present on the artwork, such as salts, metal ions, pigments or
other molecules, may induce changes by binding to the proteinaceous structure of
the enzyme (Bellucci and Cremonesi 1994).

Recently, novel purified enzymes, in particular proteases and esterases from
marine invertebrates, have been isolated and assayed in bio-removal tests performed
on artworks and laboratory specimens. The peculiarity of these cold-active enzymes
is that they can be utilised at temperatures <30 °C, without heating enzymatic solu-
tions or artwork surfaces, in order to successfully hydrolyse aged proteinaceous
(animal glue, casein binder) or Paraloid B-72 layers (Salamone et al. 2012; Palla
2013; Palla et al. 2013, 2016; Barresi et al. 2015).

After biocleaning, the effective removal of undesirable layers and the presence of
residues must be checked in order to evaluate potential chromatic changes in the
surface (Pruteanu et al. 2014; Micheli et al. 2016; Hrdlickova Kuckova et al. 2014;
Bosch-Roig et al. 2013a, b; Palla et al. 2016).
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Abstract

In this chapter, case studies related to biodeterioration, bioaerosol, biocide and
biocleaning are reported. The aim is highlighting the role of biology and biotech-
nology tools for the preventive conservation of organic and inorganic artifacts,
understanding how traditional as well as innovative methods can help the conser-
vationists to develop integrated strategies considering works of art/environment/
humans as a dynamic system. Particularly, based on the experience acquired dur-
ing the researches of Laboratory of Biology and Biotechnology for Cultural
Heritage (LaBBCH), the authors suggest several approaches to reveal and iden-
tify biological systems able to induce biodeterioration of cultural assets, also
focusing on bioaerosols in indoor environment to assess the risk for historical-
artistic collections. Finally, novel bioactive molecules have been applied to per-
form biocleaning protocols or to control of microbial colonisation, in accordance
to conservative restoration procedures and safety for both the environment and
operators.

5.1 Biodeterioration of Inorganic Cultural Assets
5.1.1 Fountains

The fountains and all decorative apparatus usually exposed to a water supply and
located in outdoor may suffer of several biological colonisation. This is, for exam-
ple, the case of the biological community revealed in the Fountain of the Two
Dragons in Palermo (Fig. 5.1a) where the attention has been paid to all discolor-
ations, encrustations and pigmented patinas traceable to past or actual biological
systems living onto marble surfaces (Di Carlo et al. 2015). Plants, mosses, insects,
rusty patinas, black crusts, dirty deposits, fissures and detachment of material
have been investigated. In order to define an adequate conservative restoration
procedure, the identification of biodeteriogens has been required and the charac-
terisation performed through an integrated approach based on microscopy

Fig. 5.1 Fountain of Two Dragons: (a) water supply in the basin; (b) field portable microscope;
(¢) microbial colonies developed on N-agar medium
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techniques, in vitro culture and molecular biology investigation. Particularly, pig-
mented areas have been sampled in order to reveal microbial consortia able to
release biogenic pigments. All samplings have been performed using both non-
invasive (sterile swab, nylon membrane fragment) and microinvasive methods
(micro-scalpel) and supported by portable field microscope (Fig. 5.1b). Macro-
systems, collected in different areas of the fountain, have been analysed by digital
microscope (Dino-Lite) and stereomicroscope (Wild Heerbrugg); collected bryo-
phytes and insects (or their fragments) have been identified by optical microscope
observations (Leica, 40x).

Concerning the microbial community inhabiting the fountain, reddish and pink-
ish bacteria mostly belonged to Arthrobacter and Paracoccus genera have been
identified (Fig. 5.1c). Molecular biology investigation has been performed through
ad hoc protocols, including genomic DNA extraction by Genomic DNA Purification
Kit (Fermentas). The sequencing has been performed by Eurofins MWG Operon
and sequencing service (Germany) and sequence analysis by BLAST platform
using the nucleotide databases NCBI-NIH (USA) and EMBL (Germany) (Altschul
et al. 1997). Fungal colonies belonging to Alternaria spp., Fusarium spp.,
Cladosporium spp. and Phoma spp. have been revealed. In particular, Cladosporium
and Phoma are considered two of the most important fungal species involved in
biodeterioration of urban stone buildings (Sterflinger and Prillinger 2001; Sterflinger
and Piflar 2013). Further studies on algae and cyanobacteria will undertake in order
to plan a successful conservative intervention.

During Fontana Pretoria (Palermo) restoration, a comprehensive study on colo-
nising microbial communities has been carried out. The marble areas showed an
expanding and intensifying reddish chromatic alteration. As reported in the litera-
ture (Krumbein 2003), these chromatic alterations could be related to bacterial taxa
that we identify in this study by molecular investigation (Palla and Tartamella 2007).
Non-invasive sampling has been carried out on marble statues by sterile cotton
swabs soaked with NaCl-Tween20 solution. Bacteria as Bacillus, Arthrobacter,
Micrococcus and Cellulomonas have been identified combining in vitro culture,
SEM observations and molecular investigations, according to protocols carried out
in our laboratory. The adequate biocide concentrations (Algophase and
Benzalkonium chloride) have been determined by “inhibition bacterial growth” in
in vitro assays (Palla 2009).

5.1.2 Wall Paintings

Saints Cave (XII-XIV sec., Licodia Eubea, Alia, Sicily) restoration project repre-
sented an opportunity for investigating the micro and macro-biological systems
colonising this environment, characterised by high relative humidity, percolating
water and a continuous air exchange with the surrounding countryside. Among
macro-colonisers, Parametria diffusa M. et K. and Adiantum capillus-veneris iden-
tified in the confined environment, microbial systems able to trigger the degradation
on frescoes have been revealed combining microscopy and molecular analysis.
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Fig.5.2 Borremans frescoes: (a, b) investigated areas; (¢) sampling by nylon membrane fragment
(Hybond, Amersham)

Black, green and differently pigmented areas inhabiting the cave wall surfaces have
been investigated by CLSM observations (Olympus FV-300 equipped with Argon
laser, A= 488 nm, and Helium/Neon laser, A=543 nm) at 40x magnification, and the
main colonising microorganisms (Cyanobium, Aspergillus, Trichoderma) have
been identified by molecular investigation (Palla et al. 2010). The molecular analy-
sis included microbial DNA extraction (Genomic DNA Purification Kit Fermentas),
PCR (Ready-to-Go Amersham Biosciences reaction mixture), sequencing (Eurofins
MWG Operon sequencing service) and sequence analysis performed by BLAST
platform (Altschul et al. 1997).

Detection of microbial community on fresco surfaces (Fig. 5.2a) has been car-
ried out in Borremans hall (Palermo Diocesan Museum). The goal of this investiga-
tion was to assess the microbial contamination on the painted surfaces at different
heights in order to evaluate the microbial “fallout” (microbial sedimentation on a
given surface) and how the microbial contamination of aerosol may influence the
colonisation of artworks surfaces; for this reason, the monitoring of airborne
microbial load was carried out in parallel. Non-invasive sampling (nylon mem-
brane fragments 4 cm?) has been utilised in order to isolate microorganisms in
selected points on fresco surface (Fig. 5.2b). Morphological study of fungal colo-
nies and DNA investigation allowed the identification of microorganisms as
Penicillium chrysogenum, Chaetomium globosum, Aspergillus versicolor,
Cladosporium spp., Kocuria rosea, Nocardiopsis spp., Staphylococcus spp.,
Micrococcus luteus and Bacillus spp. The higher microbial load (4 CFU/cm?) was
attributable to Penicillium chrysogenum.
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Moreover, during the fresco samplings, the surface has been irradiated by UV
light, and an elemental analysis has been performed by portable X-ray fluorescence
(XRF) instrument (Drand and Laval 2009).

5.2  Biodeterioration of Organic Cultural Assets
5.2.1 Paper

Especially for those objects made of paper, the detection of fungi or bacteria is a
fundamental step in order to prevent and control the paper decay. The main fore-
sight is the occurrence of a non-destructive sampling; nitrocellulose and nylon
membranes have been found to be useful for this purpose. Moreover, a constant
monitoring of specific microbial strains enables the evaluation of the most appropri-
ate conservation strategies.

In this scenario, the identification of bacteria and especially of fungi is funda-
mental, since they may be considered the main cause of chromatic alterations, origi-
nating spots of different colours. It has been observed that the presence of fungi can
cause also structural alterations that means of fragility of paper or their partial/total
destruction. It is necessary to keep in mind that a non-invasive sampling allows the
isolation of bacterial and fungal community in archive, libraries and paper docu-
ment repositories without damaging the cultural items. Particularly, a study of
microbial deteriogens has been carried out on documents, drawings and photos.
After sampling, the membranes have been put onto nutritive media (Sabouraud or
N-Agar) in order to favour microbial growth (Palla et al. 2015). The results obtained
from culture-dependent method, molecular analysis and microscopic identification
have confirmed the presence of fungal taxa, including Cladosporium spp.,
Penicillium spp. and Aspergillus spp. typical fungal infections in libraries, colonis-
ing documents made of paper (Sterflinger and Pifiar 2013). Differently pigmented
areas were sampled by nylon membranes (Fig. 5.3a) to perform culture-dependent
analysis (Fig. 5.3b). The morphology of isolated fungal strains has been determined
in parallel with molecular investigation, performed through the amplification of
18S-ITS1 rDNA target sequences (Palla et al. 2011). The Penicillium has been
found as dominant genus, showing a very high microbial load; actinomycetes and
bacteria (Bacillus and Micrococcus) were also found.

5.2.2 Leather and Parchment

Microbial colonisation on several ancient parchment items has been investigated.
Non-invasive sampling has been performed using sterile nylon membrane frag-
ments, which were then inoculated into nutritive solid media. The surface sampling
has been carried out both on previously treated by fumigation (5 years before) and
not treated parchments. The study has sought to highlight the antimicrobial effi-
ciency of fumigation treatment over time. However, the results showed that the
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Fig. 5.3 (a) Paper affected by microbial decay; (b) wide fungal growth (Penicillium spp.) on
nylon membrane fragment into nutritive medium

disinfection treatment has not prevented microbial recolonisation, allowing the
growth of very dangerous fungal strains, such as Penicillium and Alternaria.
Furthermore, the presence of Micrococcus spp. and Staphylococcus spp. is probably
attributable to wrong handling parchments by operators and users.

5.2.3 Wood

The investigation protocols developed in our studies (Palla et al. 2013; Palla et al.
2015a; Perez et al. 2017) have been applied to a wide range of wooden findings and
artefacts, in order to shed some light on microbial degradation phenomena, indispens-
able for correct conservation and restoration strategies.

Archaeological waterlogged wood, part of a bronze rostrum (Rostro di
Acqualadroni) dated from third century BC (Santamaria et al. 2009), have been
analysed by an integrated approach. Particularly, cross and radial sections of wood
samples have been observed by light microscopy (magnification range 10.5-40x,
reflected light and 40-200x transmitted light) and identified as Pinus sp. SEM. The
SEM investigation has been utilised to assess the changes in the wood anatomical
structure and to deal the state of conservation of submerged wood, evaluating the
decay traceable to microbial activity (Blanchette 2000). The SEM micrographs
(Fig. 5.4) revealed a specific cell wall alteration attributable to bacterial activity and
abundant pyrite (FeS,) framboids (present as single structure or clustered). The
presence of sulphur compounds in archaeological waterlogged wood indicates both
long-term burial in anoxic environment and colonisation by sulphate-reducing
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Fig. 5.4 SEM micrographs of wooden thin sections. (a, b) radial wood structure; (¢) pyrite fram-
boids in tracheids; (d) magnification of a single framboid

bacteria (Palla et al. 2014). Moreover, using culture-independent methods, iron-
oxidising bacteria and iron sulphate reducers, respectively, Marinobacter sp. and
Desulforudis audaxviator, have been identified. Bacteria with ligninolytic or cellu-
lolytic activity belonging to Cellulomonas, Bacillus, Pseudomonas, Xanthomonas
and Sphingomonas genera were also identified.

5.3 Bioaerosol in Confined and Semi-confined
Environments

Confined and semi-confined environments show peculiar temperature and relative
humidity values, fluctuating between day and night, where microbial metabolites
are excreted and gaseous and particulate pollution are present, all phenomena that
play an important role in the artwork deterioration. Heating, air-conditioning or
ventilating system (HVAC), building structures, outside air exchange or huge num-
bers of visitors generate potential risk factors. In order to establish exposure thresh-
olds, microbial fraction of air samples must be isolated, by means of active or
passive sampling.

In the last years, different indoor cultural heritage environments were investi-
gated by the measurement of environmental and microenvironmental parameters
that are essential for a correct study of the site and for its correct conservation in
accordance with the typologies of material stored or exposed in.
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Table 5.1 Airborne microorganisms (bacteria and fungi) identified in crypt and museum environ-
ments by active and passive method

Environment | Sampling method | Bacteria Fungi
Crypt AirPort MDS8 Nocardiopsis spp. Alternaria spp.
Staphylococcus spp. Cladosporium spp.
Penicillium spp.
Sedimentation Arthrobacter spp. Alternaria spp.
Bacillus subtilis Chaetomium spp.
Micrococcus luteus Cladosporium spp.
Paracoccus spp. Penicillium chrysogenum
Staphylococcus spp. Phoma spp.
Museum AirPort MDS8 Bacillus spp. Aspergillus spp.

Paracoccus spp.
Staphylococcus spp.

Aspergillus niger
Cladosporium spp.
Penicillium spp.

P. chrysogenum
Scopulariopsis spp.
Trichoderma spp.

Sedimentation

Arthrobacter spp.
Bacillus spp.
Micrococcus spp.

Aspergillus spp.
Cladosporium spp.
Penicillium spp.

Nocardiopsis spp.
Paracoccus spp.
Pseudomonas spp.
Staphylococcus spp.

During these studies, we emphasise the use of integrated approach to outline the
microbial contamination in indoor air of Sicilian cultural sites (Table 5.1) and its
role in both artefact deterioration and health effects on visitors/operators. In order to
detect and characterise the microbial contamination, the sampling of surface (swab,
nylon membranes) and aerosol (active, passive) has been performed to obtain com-
plete information on microbial consortia. Particularly for hypogeal environments,
their structural features mainly attributable to the lithic substrates and the different
air exchanges with the outside may enhance the growth of several microbial taxa.
When the environment is characterised by stable environmental parameters and
reduced number of visitors, few amount of microbial taxa may be isolated (Di Carlo
et al. 2016).

In museums and archives, bioaerosols generally have a different composition in
respect to hypogeal environments. Usually, in archives/libraries and museums/gal-
leries, different artefacts very often composed of organic-based materials, ideal sub-
strates for microbial colonisation, are stored or exposed.

In these environments, the thermo-hygrometric parameters are quite stable, but
frequently the absence of an adequate air condition systems or air ventilation may
compromise the conservation of cultural assets. Moreover, the number of visitors in
museums and galleries strongly influences the environmental parameters. Several
environmental fungal and bacterial strains have been isolated using both passive
(sedimentation method) and active sampling methods (Fig. 5.5).
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BIOAEROSOL SAMPLING
(Fungi and Bacteria)

PASSIVE SAMPLING

Fig.5.5 Bioaerosol active sampling (leff) by AirPort MDS8 equipped with gelatin filters. The filter
is layered onto nutritive media in which microbial colonies (after incubation time) have grown.
Passive sampling (right) by gravitational sedimentation onto nutritive media, microbial growth
after 1672 h of incubation at 30 °C

For active sampling, a portable sampler (AirPort MDS, Sartorius) with a flow
rate of 100 L/min, equipped with sterile disposable gelatin filter, is used (Palla
2012). Collection filters have been utilised for in vitro culture, laying it onto solid
culture media, or dissolved in 1X TE solution (10 mM TRIS-HCL pH7.5/1 mM
EDTA) and utilised for the direct extraction of microbial genomic DNA and for
molecular biology investigations.

5.3.1 Loop-Mediated Isothermal Amplification of DNA (LAMP)

We propose the use of a new molecular biology system, based on loop-mediated
isothermal amplification (LAMP), which allows in situ genetic study without
sophisticated laboratory instrument, applicable in cultural heritage field and useful
to assess the presence of specific microbial taxa in the indoor environments. This
technique, more sensitive and specific than qualitative PCR (Notomi et al. 2000),
allows a rapid amplification of nucleic acid at constant temperature, performing
tests directly on the site (Yassen et al. 2015). The proposed system (patented by
Enbiotech s.r.l) is composed of a portable instrument and a set of ready to use
reagents developed for this specific application. The test foresees a rapid prelimi-
nary nucleic acid extraction from the sample, genetic amplification using LAMP
technology, detection of the fluorescence emitted from the sample and automatic
interpretation of the results using the portable instrument (Fig. 5.6). Airborne micro-
biological particles are collected using AirPort MDS8 air sampler, equipped with
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Fig.5.6 PCR-LAMP
technology. ICGENE
portable mini instrument.
The amplification profiles
specific for bacteria or
fungi cells can be directly
followed on wireless
connected tablet. ICGENE
is a high sensitive, specific
and easy-to-use in vitro
diagnostic device able to
perform the amplification
of DNA target sequences
in few minutes. The LAMP
technology includes a
portable fluorescent reader
by measuring of light
emission of analysed
sample, which provides
step-by-step assistance in
performance of analysis by
the use of an intuitive
front-end (tablet and app)

sterile gelatin filter, in order to extract the whole microbial genomic DNA, perform-
ing the LAMP test by specific primers for a chosen model pathogen
microorganism.

In our hypothesis, this molecular device provides an important contribution to
the development of innovative protocols to evaluate in sifu the composition of
microbial community, representing an improvement to PCR-based assays and
microbiological analysis.

5.4 Biocleaning: Bioremoval

Selected enzymes or viable bacterial cells have been applied for biological remov-
ing of undesired matter (organic layers) or crusts (sulphate, nitrate), respectively,
from artwork surface. These approaches are based on the enzymatic hydrolysis of
layer or on the use of deposits as carbon source or electron for viable bacterial cells
(Palla et al. 2016; Alfano et al. 2011).

In the last decades, biomedical and pharmaceutical research pay particular
attention to the so-called Blue Biotechnology, in order to isolate and characterise
bioactive molecules from marine organisms (from fish, sponges, jellyfish, marine
invertebrates, micro-algae) useful in food industry and for biomedical application.
Particularly, cold-active molecules are interesting in relation to their stability and
activity at low temperature (<30 °C). Different sets of novel enzymes extracted by
marine organisms with protease and esterase activity have been tested, in order to
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Fig. 5.7 (a) Fresco specimen, biocleaning tests by BMP enzyme gelled (Klucel G) solution
applied, (b) through Japanese paper, on animal glue artificially aged layer; (c) efficiency of bio-
cleaning checked by UV fluorescence irradiation by BMP, after 5" (left outlined area) and 10’
(right outlined area); (d) control test (on the bottom right) performed by buffer gelled solution
lacking of BMP

remove in a selective way undesirable or altered layers from artwork surfaces,
previously characterised by high-performance liquid chromatography. The enzy-
matic cleaning has been performed to remove layers from artworks or ad hoc strati-
fied laboratory specimens, applying the enzymatic gelled solutions (Klucel G,
gellan gum gel, carboxymethylcellulose) in order to perform a selective and con-
trolled action (Barresi et al. 2015; Chille et al. 2014). Bioactive molecules with
protease activity (BMP) have been applied to clean up protein layers from wax and
papier-maché sculptures or to remove an old velinatura (Japanese paper bonded
with animal glue) from oil painting surfaces (Palla et al. 2015b, 2016). Moreover,
animal glue layered on fresco specimen (Fig. 5.7a, b), artificially aged (for 2.200
h, UV-A 300-400 nm; 7= 22+5 °C; RH = 60-65 %), has been successfully hydro-
lysed. Particularly, the efficiency of cleaning has been confirmed by UV fluores-
cence, 5—-10 min of application at 22 °C (Fig. 5.7¢c), a less deep cleaning result in
control sample (Fig. 5.7d). This removal effect is probably attributable to the
Klucel G (Wolbers 2007).
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Fig. 5.8 Mosaic laboratory specimen: (a) canvas layer has been easily detached after 30 min of
treatment; (b) Paraloid residues completely removed from tesserae after additional 10 min of BME
application

Recently, the research for other bioactive molecules has allowed the isolation of
BME (bioactive molecules with esterase acivity).

In order to detach the canvas layer glued by Paraloid B72, a gelled (Klucel G)
BME (1mg/ml) solution has been applied on canvas layer; after 30 min, the layer
(naturally aged for five years) has been successfully removed (Fig. 5.8).

These enzymes show some important advantages, such as the possibility to work
safely, at room temperatures (19-26 °C) and in a quick way (5-30 min), without
heating the enzyme solutions or the surfaces on which they have been applied.

Regarding the bioremoval of undesired surface alterations, like black crusts,
Desulfovibrio vulgaris viable cells have been particularly utilised for the removal of
sulphate crusts from marble polychrome bas-relief, representing the Eternal Father
exhibited at the Regional Gallery of Palazzo Abatellis, Palermo. The viable bacteria
(Micro4Art solfati© produced by Micro4you S.r.l.) have been applied on deposit
present on surface as a gelled solution. Even if the application of bacterial gel solu-
tion has been difficult, mainly due to the vertical location of the artefact and its
complex geometry, the effectiveness of bioremoval of black crusts (previously char-
acterised by XRF and FTIR analysis) was evident from the first application.
Moreover, the successful removal of sulphate crusts has been confirmed by XRF
analysis performed on a cleaned area (Martino et al. 2015). An important feature of
this cleaning method is the speed and ease of use, and considerable importance is
represented by the guarantee of a gradual and selective cleaning action and safety
for the operators (non-pathogen bacteria), environment and work of art.

5.5 Microbial Growth Control
5.5.1 Bioactive Molecules from Marine Organisms
Due to the well-known antimicrobial properties of several marine organisms, the

interest in application in pharmaceutical and biomedical fields (Blue Biotechnology)
increases so fast.
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In this scenario, bioactive molecules with antimicrobial activity (BMAs)
extracted from marine invertebrates have been tested to control bacteria and
fungi colonisation in laboratory specimens in order to inhibit the microbial
growth on cultural assets. These BMAs have been applied in antimicrobial
in vitro assays against bacteria and fungi isolated from colonised organic materi-
als and from organic products usually used in restoration procedures. In this
work, three sets of BMA molecules have been assayed on canvas and glue speci-
mens, evaluating the control of microbial contamination (Mule et al. 2014). In
particular, the minimum inhibitory concentration (MIC) and biocide or biostatic
activity has been determined by microdilution method using 96-Well Microtiter
(Barresi et al. 2015). All tests have been carried out using methylparaben and
benzalkonium chloride as controls.

In our hypothesis BMA molecules represent a valid alternative to traditional bio-
cide products, safe for works of art, restores and environment, in accordance with
sustainable restoration projects.

5.5.2 Plant Extracts

In the recent years, with the aim to develop alternative products to traditional bio-
cides, several studies have been focused to various natural products with potential
antimicrobial activity. Particularly, the use of plant extracts has been recognised in
cultural heritage field in order to control and prevent the colonisation by microor-
ganisms or by insect pests (Borrego et al. 2012).

Antimicrobial activity of three different plant products, Tea tree essential oil,
Nepeta nepetella L. and Allium sativum L. extracts, has been assayed by agar disc
diffusion, well plate diffusion and microdilution methods against bacteria and
fungi, previously isolated from colonised artefacts and identified by microscopy
and molecular biology investigations (Rotolo et al. 2016). Establishing for each
bacteria (Bacillus subtilis, Micrococcus luteus) and fungi (Penicillium chrysoge-
num, Aspergillus spp.) the MIC and the inhibition halo (diameter in mm), the
different susceptibility to the plant extracts has been observed during antimicro-
bial assays. Results showed that the most quick method has been agar disc diffu-
sion (Fig. 5.9), allowing us to hypothesise the use of these plant products as
natural biocides in the control of biodeterioration of cultural assets, respecting
human health and the environment.
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Fig.5.9 Disk diffusion
method using Allium
sativum extract as
antimicrobial agent against
Penicillium chrysogenum,
confirmed by the growth
inhibition halo (Rotolo

et al. 2016)
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