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Abstract

Our cultural heritage is our invaluable social and environmental resource and
concern. Moreover, it is a key global economic driver. However, they are subjected to
deterioration process and aging. Particularly, microorganisms are nowadays consid-
ered harmful agents of biodeterioration of artistic materials due to the fact that their
interactions with the material cause not only an esthetical damage due to their visible
growth on the surface, but they may affect the interested materials in different ways
and at different degrees via mechanical and biochemical processes leading to the
formation of pitting, scaling and, in the worst scenario, to the loss of material by its
detachment. To protect our shared tangible cultural heritage from biodeterioration
and preserve it for future generations, several methods have been developed. Notably,
using nanomaterials, with antimicrobial features, has been considered an interesting
and economical method to preserve valuable heritage materials. In this chapter, we
will present an overview of the decay mechanisms that participate in the deterioration
of tangible artworks, in particular microorganisms’ colonization. Next, current works
that have been developed to use silver nanoparticles to protect heritage items from
microbial colonization and prevent their deterioration have been detailed.

Keywords: silver, nanoparticles, microorganisms’ colonization, stone biodeterioration,
conservation, heritage materials

1. Introduction

Cultural heritage consists of tangible or intangible assets that history has left for a
country and its future generations [1]. Heritage refers to the cultural legacies that we
inherit from the past, maintain in the present, and pass on to succeeding generations.
Moreover, investments in cultural heritage are frequently considered as having positive
effects on a local economy, including increased employment and revenue as well as
cultural consumption. However, famous works of art and historical artifacts have been
marred. The alteration of cultural assets is the consequence of the continuous cycle of
disintegration, by losing cohesion or strength, and reconstruction. Generally, in a natu-
ral condition, matter undergoes processes of alteration, degradation, or decomposition,
which means that original chemical, physical, and optical characteristics are lost [2].
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Among the decay mechanisms, the most known are as follows: (i) Physical or
mechanical processes: where the behavior of the material is modified without altering
the chemical composition of the material due to the contribution of several mechani-
cal forces such as traction and compression. (ii) Chemical processes: where the matter
is transformed due to a chemical reaction. (iii) Biological processes: where living
organisms, such as microorganisms, insects, plants, rodents, and others, can chemi-
cally attack the material [1]. For that reason, the preservation of monuments becomes
an obligation. Several products and methodologies have been studied and developed
for the preservation of monuments from decay [3].

Traditionally, solvents (both aromatic and non-aromatic), chelating agents in
addition to other cleaning products (including strong and mild acids and bases), have
been widely used in the restoration field and are applied on different materials such as
stones, paintings, and wall paintings [4]. However, the irreversibility of this technique
and the risk of altering the artwork as well as the toxicity of certain products make
this method not suitable for application on historic buildings [4]. Biocleaning has
been suggested and studied as an alternative to the traditional cleaning techniques
[5]. This method is based on using microorganisms for the treatment of deteriorated
historical materials by removing undesired sulfates, nitrates, and organic matter
[6]. Despite the efficiency of this method under laboratory conditions, the need of a
specified condition to ensure the viability of these microorganisms makes its practical
application very difficult and subject to further study [4]. The laser has been consid-
ered a friendly technique for cleaning heritage structures as well as for the environ-
ment. Its ability to alter and affect the artifacts’ surface on a variety of materials, such
as wood [7], paper [8], stone [9], easel paintings [10], and wall paintings [11] makes
this technique attract high attention. Nevertheless, the high cost of this method is still
the barrier to its widespread use.

Several products have been also developed and used as protective and consolida-
tion agents with the aim to preserve the historic buildings from decay such as poly-
mers [12, 13], biopolymers [14], gels [15], microemulsions [16], and ionic liquids [17].
However, the application of the abovementioned products requires caution owing
to the toxicological risks to the artwork and the operator in addition to the high cost
of maintenance. More recently, nanomaterials have been proposed as an alternative
method in the maintenance of the historical artifacts, particularly in the consolidation
and protection treatments of damaged art materials [18]. Unlike conventional materi-
als such as polymers that are frequently used in conservation, engineered nanomate-
rials do not modify the original physical and chemical properties of artifacts as well as
have a low environmental impact [19].

When the dimensions of particles decrease to be about 1-100 nanometers, the
properties of materials change considerably from those at larger scales. In this sense,
nanomaterials have larger surface areas compared with similar masses of larger-scale
materials, which enhance their chemical reactivity [18]. Moreover, due to the particle
size, these nanomaterials can deeply penetrate into the damaged stone materials.

The application of Nanoscience in the field of artifacts as a preservative agent
reverts to the end of the 1980s through the restoration of the wall paintings (i.e.,
Renaissance paintings) in the “Brancacci Chapel” in Florence, Italy [20]. After that,
different kinds of inorganic nanomaterials have been used as consolidant products
[21] such as calcium hydroxide (Ca(OH),) nanoparticles, which have been applied
on rocks (limestones and dolostones) and mortars [22-24]. In addition, consolidant
products based on Mg(OH); nanoparticles have been used for the conservation of
cultural heritage [25] and paper-based cultural archives [26]. Barium hydroxide
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(Ba(OH),) has been extensively used as a consolidant product for carbonate stones
for decades [27, 28]. Strontium hydroxide (Sr(OH),) nanoparticles obtained by
bottom-up approach and their use as a consolidant product and also as a desulfating
agent for stone, mortars, and wall paintings were proposed [22, 29]. More recently,
studies concerning the behavior of commercial water-based silica dispersions, with
different particles size (from 9 to 55 nm), as consolidant products on heritage mate-
rials have been performed on limestone (Lecce stone) [30]. Silicon-based hybrid
polymer nanocomposites have also taken an interest in the domain of preservation
of historical materials. Alkoxysilane-based formulations, notably, tetraethoxysilane
(TEOS) and methyltrimethoxysilane (MTMOS), have been the most broadly used
stone consolidants principally due to their ability to penetrate easily inside the
porous matrix [18]. Another approach has been developed in order to reduce the
cracking of the consolidant products through the addition of different metal col-
loidal oxide particles to the TEOS-based polymeric resins [31]. Recently, Verganelaki
et al. proposed a novel crack-free calcium oxalate-silica nanocomposite for protect-
ing historic building materials [32]. During the last years, the use of polymeric
materials with hydrophobic properties has been broadly studied. The incorporation
of inorganic oxide nanoparticles, such as aluminum oxide (Al,O;), silicon dioxide
(SiO,), and tin dioxide (Sn0,), has been performed as a method to improve the
hydrophobic character of synthetic polymers such as silicone or hybrid siloxanes
polymers, which leads to super-hydrophobic coatings with higher water-repellent
capacity. Recently, the area of interest dealing with the treatment of monument
materials for their preservation from microorganisms’ colonization and pollution is
shifting into the application of nanotechnology with self-cleaning properties [18].
Heterogeneous photocatalysis using semiconductors such as TiO, and ZnO has been
considered an interesting method, used extensively to preserve heritage materials
[33-39]. The particular activity of these oxides, based on the generation of reactive
oxygen species (ROS) when they are exposed to UV light, makes them very attrac-
tive compounds [40].

Recently, nanoparticles of different elements (e.g., Ag, Ti, Cd, Fe, Pd, Zn, Pt,
and Co) have been investigated due to their interesting attributes. Indeed, the low
cost, nontoxicity, chemical stability, biological inertness, suitability toward visible or
near-UV light, sustained photoactivity, high conversion efficiency as well as higher
quantum yield [41]. In fact, these nanoparticles could react with an extensive range
of substrates and have high adaptability to several environments and good absorption
in the domain of the solar spectrum [41]. In addition, treatments by using the above-
mentioned nanoparticles can provide water-repellent features and inhibit the damage
generation performed by water [42]. In particular, Ag NPs display good antimicrobial
properties in comparison to other metals, which makes them widely used for several
applications, in particular, conservation of heritage materials from biodeterioration
[43]. To our knowledge, this is the first report on the application of silver nanopar-
ticles in cultural heritage conservation.

Several variables need to be taken into account in order to have an adequate
protective coating by selecting materials and procedures to be used. The intrinsic
properties of historic material, the environmental factors, the compatibility between
tested products and affected heritage materials, the durability of applied products,
the biological colonization, in addition to the application method, are significant fac-
tors that have to be taken into consideration [22]. However, it is essential to identify
firstly the main factors considered as threats to heritage materials, in order to delay
the deterioration processes [1] as much as possible.
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2. Decay mechanisms of cultural heritage materials

Historic materials are subject to several decay phenomena. The main deteriorating
factors will be explicated in the following sections.

2.1 Water

Many processes that can alter historical materials are often driven by water. In
fact, water is one of the most significant abiotic factors of deterioration of porous
stones, which are more susceptible to water. Highly porous materials with average
porosity values between 30 and 40% and above have been widely used over the world
as historic building materials [33]. When water penetrates the pores through capillary
force, water performs its deteriorating effect via both chemical and physical phenom-
ena such as dissolution of carbonate component of the stone, freezing/thawing cycles,
salt crystallization, and deposition [44, 45]. Such processes can affect the physical
as well as mechanical properties of stone in addition to inducing some changes in
its structure such as modification of porosity and pore structure, loss of stone cohe-
sion, and development of cracks [46]. The need of the surface protection, especially
against water penetration, is mandatory to conserve historical artifacts.

Dissolution is usually caused by water that frequently contains acid due to dis-
solved carbon dioxide. It is able to dissolve minerals from a rock body, leaving cavities
in the rock. These cavities may generate cave features [47].

The freezing-thawing cycles of the water inside the stone pores result in the devel-
opment of internal stresses, which can lead to cracking and progressive desegregation
of material [46]. Particularly, this phenomenon is widely observed in cold regions
exposed to excessive freezing and thawing during the year. Tensions that frequently
increase and decrease due to the formation of successive layers of ice result in the
fracture of the material [46]. The formation of ice in the pores creates a crystallization
pressure, that is, a pressure caused by the crystallization of ice against the pores in
walls of the material. This phenomenon can affect even stone with very fine pores,
(diameter smaller than 0.1 pm). Water freezes at temperatures considerably under
0'C; the freezing of water causes internal stresses that are the direct cause of the dam-
age. The pressure rises as the temperature decreases [48].

2.2 Salt crystallization

Salt crystallization affects heritage materials constructed from rocks. Indeed,
plenty of architectural heritage materials around the world are constructed prin-
cipally of carbonate rocks. However, historical monuments are frequently affected
by several degradation and alteration processes typically due to salt crystallization
[49]. Such phenomenon is considered as one of the most powerful weathering
factors in the case of porous materials, particularly limestone rocks. This problem
affects monuments and historical buildings around the world, from the cooler and
wetter conditions found in the United Kingdom to hyper-arid desert environments
and Mediterranean climates. Macroscopically, such a type of deterioration process
produces enormously aggressive damages such as loss of material, erosion, flaking,
exfoliation, and occasionally, even the complete disaggregation of the material [44].
Once a salt-rich solution enters into the pore structure of stone material, in favor-
able supersaturating and thermodynamic conditions, the salt crystallization occurs.
Besides, nucleation and growth of salt crystals inside the pore spaces can promote
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alteration and degradation of the stone [50]. Many factors would affect the damage
of the material such as the supersaturation of the salt, the shape of crystals, the pore
size, and the repulsion force between the salt and the walls of the pores [51]. Porosity
represents a critical parameter in the process of salt crystallization since it regulates
the fluid mobility inside the material. Salt crystals exert pressure on the capillary wall,
namely the linear pressure, which is proportional to crystal size and salt concentra-
tion and inversely proportional to the radius of the pore.

2.3 Microorganisms’ colonization

Physical and chemical processes were commonly assumed to be the principal fac-
tors in the degradation of materials. However, since 1967 and in later decades, dogma
has changed, and today, it is believed that one of the main causes of deterioration of
archaeological stone materials is the microbial action, leading to biodeterioration
[1]. Biodeterioration can be defined as “any undesirable change in a material brought
about by the vital activities of organisms.” The biodeterioration of cultural heritage
can also be defined as “the physical or chemical damage caused by microorganisms on
objects, monuments, or buildings that belong to the cultural heritage” [1]. The main
microorganisms that play a role in biodeterioration are both autotrophic and hetero-
trophic bacteria, fungi, cyanobacteria, algae, and lichens [1]. Microbial populations
present in a stone foundation are generally the result of successive colonization of
different microorganisms over many years [52].

Many types of research on the biological deterioration of stone monuments have
been performed, and results showed that bacteria, algae, fungi, and lichens are the
microorganisms mainly responsible for artifacts biodegradation [53]. Whereas,
mosses have received relatively less attention because their impact has been consid-
ered mainly esthetic [53]. In fact, bacteria were isolated from many archaeological
statues (e.g., in the Museum in Zagreb, Croatia [54]), deteriorated marble (e.g.,
Moscow Kremlin masonry [55]), from wall paintings [56] and found in caves and
catacombs [57]. Fungi were also isolated frequently from historic limestone buildings
and antique marble from different sites in many countries such as Germany, Portugal,
Italy, Russia, Namibia, and Spain. On the other hand, it was stated that cyanobacte-
ria and chlorophyta (green algae) are considered the pioneering inhabitants in the
colonization of stone works of art [58].

Microorganisms damage stone in different ways, including discoloration, water
retention, material breakage, growth stimulation of heterotrophic organisms,
disintegration of the material, degradation (corrosion), formation of patinas, and
alkaline dissolution. On the other hand, many antique and precious historical items
are suffering from serious microbial invasions that cause in some cases the closure of
archeological sites, as in the case of the caves of Lascaux in France [59].

Biofilms, which are made by a complex microbial organization mainly contain-
ing bacteria and fungi, contribute also to degrade historical statues. All they need
are surface, moisture, nutrients, and microorganisms. The role of biofilms in the
biodeterioration of cultural heritage materials has been reported for several decades
and is related to: (a) accumulation of water that enters the matrix causing swelling
and amplified conductivity; (b) alterations in pH values and ionic concentrations;
(c) releasing enzymes that lead to embrittlement and loss of mechanical stability and
others [1, 60].

There is a general agreement that microbial activity contributes to altering and
deteriorating historical relics. The question now is why and how microorganisms are
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able to degrade the works of art. Some artifacts such as parchment, wood, leather, or
textiles are made with organic materials, which microbes like to feast on. It used to be
common for artists to use egg tempera, pigments mixed with egg yolks as a binding
agent, which has left their paintings more susceptible to infestation. Fungi are among
the most active microorganisms in these processes where they can use organic support
as nutrients. Moreover, in the case of inorganic supports, several metabolites that are
excreted may react with the support in different ways [53]. In the case of stone mate-
rials, their mineralogical nature, surface features, and environmental conditions play
arole in the colonization by microorganisms [1]. Due to their heterotrophic nature,
fungi promote biological deterioration by synthesizing certain compounds, such as
inorganic and organic acids, which allow them to utilize the contents of the inorganic
supports [53]. On the other hand, inorganic materials have been also considered as
good substrates for a high number of different microorganisms. It was reported that
most kinds of microorganisms are able to attack and degrade marble materials [53].

It is now generally agreed that fungi and bacteria not only cause serious aesthetical
problems but also reside and penetrate inside the materials, resulting in a material
loss due to acid corrosion, enzymatic degradation, and mechanical attack [61]. Acidic
compounds can also corrode metals. Algae and cyanobacteria, as an example, are
able to adapt to different light qualities [61] and environments (humid, semiarid,

and arid) [62] and to be developed on stone in archaeological hypogea (e.g., an
underground chamber). Such an environment is characterized by low light intensities
(i.e., crypts, caves, and catacombs). Cyanobacteria cause esthetic damage to marble
surfaces; their endolithic mode of life contributes to the collapse of rock crystalline
structures [62].

2.4 Climatic conditions

The climatic conditions play an important role in deterioration mechanisms.
Particularly, the architectural structures and historical monuments, which are
exposed outdoors, are susceptible to several climatic conditions such as the wind
that wears the rock eroding it, the solar radiation causing discoloration, the rain,
the humidity, and the snow that induce physical and chemical wear [1]. These fac-
tors affect significantly the stability of stone matrix by inducing chemical corrosion
through hydration and oxidation reactions, the dissolution of carbonates as well as
solubilization of some mineral components.

On the other hand, the climate has an effect on microbial colonization species.

In moderate or humid climates, the fungal communities on the rock are predomi-
nant. Whereas in arid and semiarid environments, such as those found in the
Mediterranean area, the climatic conditions are overly extreme, consequently the
communities shift toward the so-called black yeasts and microcolonial fungi [61].
Moreover, the role of bacteria in the weathering of rock depends mostly on the
environmental conditions: while bacteria might evolve in humid environments and
form biofilms inside the porous space of building stone, in arid and semiarid environ-
ments, their occurrence might be limited [61].

Climate change is another potential risk since it increases the anticipated degrada-
tion rates and/or participates to the occurrence of new decay phenomena [63]. In fact,
climatic changes are able to aggravate the chemical, physical, and biological processes
producing deterioration by influencing the composition and/or structure of the
affected heritage materials [64]. Climate change could also affect the intensity as well
as the frequency of dangerous events such as floods, landslides, and droughts with
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unavoidable extensive impacts, also on the cultural heritage materials. The United
Nations Educational, Scientific and Cultural Organization (UNESCO) has consid-
ered that changes in the temperature, wind intensity, precipitation, desertification,
atmospheric moisture in addition to the interaction between air pollution and climatic
changes have been identified as threats to cultural heritage [65].

There are synergisms that take place between different parameters, leading to
direct and indirect, immediate, and long-term impacts on a widespread variety
of objects, buildings, materials, and sites. Changes in the conservation conditions
because of climate-related degradation processes are inevitable phenomena for
immovable and movable cultural heritage materials [63].

3. Silver nanoparticles

Due to their distinctive physical and chemical features, silver nanoparticles (Ag
NPs) have been extensively used in a several domains, including medicine, health
care, food, and others [66]. The exceptional features of silver NPs are the main factor
for the extensive range of their application in several fields. Figure 1 illustrates the
main application fields of Ag NPs.

In general, Ag NPs with size lower than 100 nm contain around 20-15,000 silver
atoms and have exceptional chemical, physical, and biological features compared
with their bulk materials. The optical, catalytic, and thermal characteristics of Ag
NPs are intensely affected by their size and shape. In particular, Ag NPs are char-
acterized by the localized surface plasmon resonance (LSPR), which has attracted
considerable attention over the past few years in the photocatalytic field. Thanks to
their broad-spectrum antimicrobial capacity, Ag NPs have also become the highest
used sterilizing nanomaterials. It is well known that silver compounds are highly
effective to kill microorganisms such as bacteria in addition to certain fungi and
viruses. The use of silver as a biocide in the form of nanoparticles has grown signifi-
cantly due to the higher fraction of surface atoms of silver nanoparticles, which leads
to a better antimicrobial activity compared with bulk silver metal. Numerous studies
have been reported in order to clarify the inhibitory effect of silver nanoparticles on
bacteria. Reports declared that the electrostatic attraction between negatively charged

Application of Silver nanoparticles
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-Tumor-killing effect

Agriculture

Figure 1.
Silver nanoparticles’ application in different domains [66-68].
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bacterial cells and the positively charged nanoparticles plays a key role in the activity
of nanoparticles as bactericidal materials. Nevertheless, Sondi and Salopek-Sondi
synthesized negatively charged silver NPs [69]; and results revealed that they show
excellent antibacterial activity against E. coli. Authors suggested that the negative
surface charge of nanoparticles interacts with the building elements of the bacterial
membrane, provoking structural changes in addition to degradation and, lastly, cell
death. EDS analysis proved the existence of the elementary silver in the membranes
of treated bacteria; such observation confirmed the incorporation of silver NPs into
the membrane structure. Yamanaka et al. [70] proposed that the inhibitory activity
of silver on the microorganisms growth could be due to the toxic effect on the DNA
replication causing the inactivation of vital cellular proteins. Another suggestion
reported by Choi and Hu [71], based on the fact that the cell death can be attributed
to the formation of free radicals, particularly, reactive oxygen species (ROS) from the
surface of Ag. The generation of free radicals can attack membrane lipids and lead to
a collapse of membrane function. It has also been stated that Ag ions can bind with
the sulthydryl groups of the proteins disturbing the membrane function that bound
enzymes of the respiratory chain [72]. Although the biocidal effect of nanosized
silver particles against bacteria was widely studied, the mechanism of the growth-
inhibitory effects of Ag nanoparticles on microorganisms is still not fully understood.
The different hypotheses concerning the antibacterial effect of silver nanoparticles
are described in detail in the literature [73].

4. Application of silver nanoparticles for the preservation of heritages
materials

Heritage buildings are subject to different decay phenomena. In particular, micro-
organisms’ colonization affects them in different ways and at different degrees start-
ing from esthetical problems and formation of patinas, often causing total breakage
and loss of the materials. Archival documents and library collections such as paper,
parchment, textile, glue, leather, and photographs are of high cultural importance.
However, microorganisms could easily attack them, particularly in high humidity
conditions. Therefore, protecting heritage materials has become a necessity. Applying
silver NPs has been suggested as a promising and effective method. In this context,
several groups have worked on exploiting silver nanoparticles to protect heritage
items from microbial colonization and prevent their deterioration.

Gutarowska et al. are among the first groups who worked on applying silver
nanoparticles to museum collections and archives, which are contaminated by
microorganisms [74]. The authors worked precisely on analyzing the sensitivity of
microorganisms to Ag NPs in six different museums and archives in Poland. Results
showed that microorganisms can be effectively removed from the surface of artifacts
at a concentration of 90 parts per million (ppm). While a concentration of only 45
ppm was able to remove 94% of all tested microorganisms with the exception of
Staphylococcus xylosus and Bacillus subtilis that showed higher resistance. The study
revealed that silver NPs could be considered a promising disinfectant for the surfaces
of historical materials and archival documents. The Lodz team developed also a novel
procedure for disinfecting cultural artifacts by nebulizing Ag NPs from a dispersion
over the paper, textiles, or canvas [75]. These researchers discovered that the degree
of relative humidity affected the misting disinfection procedure, as moisture facili-
tates the entry of NPs into microbial walls. Furthermore, they found that vegetative
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cells (mycelium and bacteria) are more susceptible to Ag NPs antimicrobial activity
than fungal or bacterial spores. Next, F. Bellissima et al. have synthesized silver
nanoparticles according to a seed-based procedure in order to preserve Serena stone
(SS, 5-10% open porosity) from biodeterioration [76]. The ability of Ag NPs to
hinder bacterial colonization was investigated through the inactivation of Bacillus
subtilis. Aiming to chemically graft silver NPs to SS surface, tetraethylorthosilicate
(TEOS) was used as a grafting agent, and dimethylamine was used as a catalyst to
promote the condensation of a silane precursor on NPs surface. Antimicrobial activity
on stones was evaluated through “spot on spot” method. Results showed that applied
nano-coatings did not induce significant color changes on the stone surface after
treatment (AE< 2) and provided good antibacterial activity with a reduction in cell
viability between 50 and 80%, with the most efficient nanoparticles concentration
equal to 6.7 pg/cm®. A.M.M. Essa and M.K. Khallaf have studied the efficiency of Ag
NPs suspensions as an antimicrobial agent to preserve Edfu (Sandstone) and the tomb
of Teti's son Teti-ankh-km at Sakkara (Limestone) [77]. Both archaeological buildings
are localized in Egypt. Silver NPs were elaborated biologically through volatile
metabolites formed during the aerobic growth of N. halobius and then mixed with
acrylic polymers (Primal AC33 polymer) and silicon as a consolidation polymer at a
concentration of 40 mg/ml. Small Ag particles with diameters of 10-20 nm were
obtained as displayed by scanning electron microscopy analysis. The antimicrobial
properties of prepared NPs were studied against Streptomyces parvulus as Gram-
positive bacterial strain and Aspergillus niger as a fungal strain. Findings showed high
antibacterial performance of the applied nano-coatings against S. parvulus. The
treated sandstone samples showed a significant decrease in the percentage of bacterial
cell recovery (98.4% and 97.2%) by using functionalized silicon polymer and acrylic
polymer, respectively. Moreover, treated limestone specimens exhibited a clear
reduction in the percentage of S. parvulus cell recovery that achieved 97.1% and 98.6%
with the impregnated acrylic polymer and the functionalized silicon polymer,
respectively. On the other hand, a significant inhibition growth of A. niger on both the
surfaces of the sandstone and limestone samples coated by silver NPs and silicon or
acrylic polymers occurred compared with untreated stones on which a prominent
growth of A. niger was observed. MacMullen et al. have investigated that the effi-
ciency of silver NPs (<100 nm) enhanced aqueous silane/siloxane emulsions perfor-
mance to protect and improve the facade interface of historical buildings [78].
Different emulsions were prepared and applied on mortar samples. Results showed
that all treated samples exhibited water-repellent character with water contact angles
higher than 100°; however, treatment induced a color modification higher than that
which is considered tolerable for application on cultural heritage with AE > 5. Authors
declared also that adequate concentrations (<0.5% wt) were needed to reach consid-
erably beneficial enhancements. Capillary absorption analysis showed that water
absorption was considerably reduced in the case of treated mortars compared with
the untreated ones, despite that negligible difference was observed when Ag NPs were
incorporated. Therefore, the authors considered that silver treatments are not suitable
for marine or flood applications where there is prolonged water exposure. Next, R.
Carrillo-Gonzalez et al. have prepared silver NPs through a green process using leaf
aqueous extracts of T stans and F. vulgare [79]. The inhibitory growth of biosynthe-
sized NPs at different doses was tested against microorganisms, which are isolated
from biofilms developed on the surfaces of three kinds of stony historic monument
walls located in the pre-Hispanic city, Teotihuacan (Mexico). In vitro biocontrol of
isolated microorganisms revealed that Ag NPs prepared from F. vulgare were more
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efficient to inhibit microbial growth than those prepared from T stans. Results also
showed that bacterial strains were less sensitive to silver NPs than fungal strains and
that sensitivity is principally related to the microbial strain and the plant extract
utilized to elaborate silver NPs. Therefore, the authors considered that using Ag NPs
as a corrective or preventive treatment to reduce microbial colonization from histori-
cal walls was effective. K. Pietrzak et al. [80] have investigated the efficiency of Ag
NPs misting as a decontamination process compared with the effect of two other
disinfection procedures such as thyme essential oil microatmosphere (TEO) and
low-temperature plasma (LTP), to inhibit microbial growth from two archival books
through culture-dependent method and RNA analysis. In this study, two books with
observable signs of biodegradation obtained from Jozef Pilsudski Regional and
Municipal Public Library in Lodz (Poland) and National Archive in Prague (Czech
Republic) were used. in the study. Results revealed that Ag NPs misting process was
more efficient for bacterial inhibition (R = 60-100%), while the two other methods
showed less effectiveness with LTP (R = 25-100%) and TEO (R = 12-100%).
Furthermore, it was stated that all tested methods showed less efficiency against
fungi (R = 0-99.8%). Another study performed by K. Pietrzak et al. [81] to explore
Ag NPs misting method in order to disinfect historical textile materials, precisely, five
pre-Columbian fibers (1250-1450 A.D., Argentina). Microscopic analyses indicated
that tested items were fabricated from sisal, cotton, and wool, and they were contami-
nated by dust and mineral impurities. The reduction in microbial population ranged
from 30.8 to 99.9%, depending on the variety of microbial colonization and its
concentration. In fact, the sensitivity of microorganisms toward silver NPs was
fluctuated in most resistant endospore-forming bacteria Bacillus, while
Oceanobacillus, Paracoccus, Kocuria, and molds Penicillium, Cladosporium were more
easily inhibited. Interestingly, it was found that Ag NPs misting process does not
harmfully affect the pH and the chemistry of textiles. The same group worked on
evaluating the anti-biofilm capabilities of Ag NPs to protect textiles from
Pseudomonas sp [82]. In the study, textile materials were collected during excavations
in Santa Rosa de Tastil, Puna Argentina (1967-1969). Microscopic observations
revealed that the bacterial strain including Pseudomonas aeruginosa and Clostridium sp.
was presented on examined archaeological textile items through lipolytic and proteo-
lytic activities. Results demonstrated that using Ag NPs with particles size ranged
from 10 to 80 nm and a concentration of 90 ppm was effective to protect archaeologi-
cal textiles against P. aeruginosa growing by 63%-97%. Authors stated that the
inhibition ability of NPs was influenced by the kind of strain and the exposition time.
Aerial algae are a central biological factor contributing to the degradation of building
materials as well as facades. In this regard, P. Nowicka-Krawczyk et al. have examined
the effect of silver NPs on Apatococcus lobatus as an algal model due to its frequent
presence in aerial biofilms formed on historical building facades [83]. Authors stated
that changes in the chloroplasts structure and the photosynthetic activity of the tested
cells have been observed through confocal laser microscopy and digital image analysis
due to exposition to Ag NPs. The rate of growth inhibition was estimated through a
biomass test, and results showed that the average biomass of control samples was 3.7
mg/l chl a. While after exposition to Ag NPs, the biomass was decreased by 26% for 8
ppm, 56% for 15 ppm, 65% and 68% for 20 and 107 ppm, respectively. Authors
recommended that Ag NPs could be employed as a biocide against aerial algal coat-
ings, with caution in terms of nanoparticle concentration. More recently, Z. Li et al.
[84] have developed a colorimetric sensor array (CSA) by using printed inks of 10 nm
Ag NPs with different capping agents as an alternative process to passive sampling

10



Silver Nanoparticles in the Cultural Heritage Conservation
DOI: http://dx.doi.org/10.5772/intechopen.109184

indicators, which were traditionally used by conservators. CSAs have been used as
“optoelectronic nose” to detect and identify individual compounds and highly similar
complex mixtures such as oxidants, acids, and aldehydes from ppm to tens of ppb
levels. In fact, for artifacts, the levels of pollutant exposure are generally recom-
mended at a few ppb or even sub-ppb concentrations. Authors found that the devel-
oped CAS was ultrasensitive and able to identify quantitatively 11 common
contaminants related to the preservation of cultural heritage items and museums.
Thanks to changes in localized surface plasmon resonance of metallic NPs, in particu-
lar silver, due to sintering of solid-state NPs, alterations in color during exposure to
pollutants can be observed.

Nanocomposite coatings have been suggested as heterojunction systems to
enhance the light absorption of semiconductors such as (TiO, and ZnO) and sepa-
rate the charge carrier by localizing photogenerated holes and electrons to different
regions in the system. In this regard, Ag NPs have been suggested to be coupled
with semiconductors to develop several biocidal coatings with other interesting
features to be applied to heritage building materials in order to conserve them. In this
context, M. Aflori et al. [85] have compared the antibacterial/antifungal efficacy of
silsesquioxane-based hybrid nanocomposites with methacrylate units containing
only Ag NPs to its counterpart containing Ag/TiO, NPs as protective coatings for
heritage stone surfaces. The antibacterial and antifungal efficiency of the prepared
nanocomposites was evaluated through the inactivation of Escherichia coli (E. coli)
and Candida albicans (C. albicans), respectively. Findings revealed that the coatings
composed of Ag/TiO, NPs showed higher activity against E. coli and C. albicans than
the coatings composed of only Ag NPs. Pinho et al. prepared hydrophobic and self-
cleaning Ag-Ti02-SiO2 coatings for outdoor applications [86]. Findings revealed that
prepared nanocomposites efficiently inhibit the penetration of water into the pores of
the tested stones based on the total water uptake values, which were close to zero for
all treated samples, and remarkably attained lower values compared with untreated
ones. Such results prove the water-repellent feature of the developed coating since
water causes many decay mechanisms to porous materials. Indeed, when water
penetrates the pores by capillary force, it performs its deteriorating effect through
salt crystallization; chemical dissolution of the carbonate component of the stone,
and freezing/thawing cycles. On the other hand, incorporation of high amounts of Ag
(5% w/w) leads to an undesired color alteration on studied stones and would prevent
the sol-gel transition of the nanocomposite coatings (10% w/w). In fact, one of the
conditions to accept the application of such treatment, according to Normal 20/85
[87], is that a protective product should not cause a visible alteration and must be
stable over time. Moreover, authors found that the incorporation of silver into TiO,-
SiO, network notably improves the photodegradation activity of the coating contain-
ing 1% (w/v) TiO, thanks to the enhanced absorption under visible light and larger
surface area of the photocatalyst. L. Graziani et al. [88] have compared the efficiency
of Ag NPs incorporated in TiO, sol nanocoatings for the preservation of brick-based
heritage materials compared with their Cu-TiO, counterpart. The concentration of
Ag or Cu nanoparticles was set at 1% (molar weight/TiO, weight), and the total color
variation at that concentration was higher than the value accepted for treatments on
historical buildings, which is fixed to 5. The self-cleaning test showed that untreated
samples achieved an efficacy of around 9%, while specimens treated with Cu/or
Ag-TiO, were about 46 and 33%, respectively. Interestingly, Ag-TiO, nanocompos-
ite showed a higher ability to hinder algal growth than Cu-TiO, treatment, which
revealed the efficiency of Ag NPs as a biocide agent. J. Becerra et al. [89] investigated
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Nanomaterials Particles Substrate Obtained results References
size
SiO,/Ag NPs 5-15nm Buildings Biocidal efficiency up to > 90%. [90]
Materials Hierarchical roughness attributed to
stone creation of Ag/SiO, NPs clusters.

Improved contact with the cell walls.
Easy removal of the dead cells.
Good durability of the treatment.

Ag NPs 10 nm Paper: Suitable sensors for the detection, [84]
Ancient identification, and quantification of
manuscripts pollutants to the preservation of cultural
and books. heritage objects.
Ag-TiO,NPs 11.8 +3.6 Fossiliferous Treatment with self- cleaning activity. [93]
nm limestone Ag NPs prevent the growth of E. coli and

S. cerevisiae in the dark.
Ameliorated inhibition growth of the
coatings applied on the stone up to a 20%
(S. cerevisiae) and 70% (E. coli).

PMAA@Ag 200 nm Paper, PMAA@Ag nanostructures revealed [94]
NPs wood, or an efficient fungicidal activity against
stone Aspergillus niger.

Nanomaterials can be used on cultural
heritage materials for preventive

conservation
Ag/N-SiO,NPs 50-100 Cement Efficient anti-fouling surface treatments. [91]
nm mortars Multifunctional superhydrophobic/

biocide treatment was obtained.

Ag NPs 72nm+ Paper A total removal of dirt from the paper [95]
1.8 nm samples,
Softening of the dirt from the canvas,
without affecting the integrity or leaving
residues of the treated art works.

Table 1.
Application of silver nanomaterials for the treatment of historical artifacts (vefevences ave presented in a
chronological ovder).

the suitability and the efficacy of nanocomposite treatments based on TiO, and/or Ag
NPs to inhibit the biodegradation of limestone heritage materials. Findings revealed
that Ag and TiO, nanocomposites when stabilized by citrate reach a good biocide
effect by inducing a substantial reduction of the biopatina growth: and retaining the
color modifications at an acceptable level. Next, R. Zarzuela et al. [90] have developed
multifunctional treatment by incorporating Ag NPs grafted to functionalized silicon
dioxide NPs in an organically modified silica matrix (Ag/N-SiO,). This treatment was
applied to different kinds of stone specimens that are frequently used to construct
heritage building by spray method in order to enhance the mechanical resistance of
the stone-based monuments, improve water permeability, and produce biocidal sur-
faces. Authors stated that thanks to coupling Ag NPs with SiO,, the biocidal efficiency
reached 90% values, since Ag NPs raise the stability of the treatment and improve the
contact with the cell walls. Furthermore, the synergistic effect facilitates the removal
of dead cells, ameliorating treatment durability. The same Ag/N-SiO, nanocomposite
was used in another study performed by M. Dominguez et al. [91] as an anti-fouling
agent. Authors studied the impact of surface features such as roughness/texture,
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surface free energy, and charge of the surface on the biocidal efficiency of NPs and
the interaction with the cell walls. Authors stated that the functionalization of SiO,
NPs with the positively charged -NHx groups considerably improved their interaction
capability with the negatively charged cell walls through the electrostatic forces. For
that reason, this interaction between biocide agent and Phormidium sp. was the lowest
due to the presence of a positively charged mucopolysaccharide sheath cell wall. R.
Zarzuela et al. [92] have elaborated Ag/modified-TiO, nanoparticles (Ag /N-TiO,) for
numerous applications (environmental, self-cleaning, antifouling, etc.). The biocidal
efficiencies of Ag/TiO, nano-powders were evaluated through mixed cultures com-
posed of three biofilm-forming phototrophic microorganisms isolated from building
facades. Whereas, the photocatalytic activity of the obtained nanocomposite was
assessed through the degradation of methylene blue dye under solar spectrum lamp.
Results showed that the incorporation of Ag NPs into TiO, surface noticeably amelio-
rates the absorption of the semiconductor under the visible spectrum thanks to the
surface plasmon resonance band provided by silver ions and, consequently, improved
photodegradation capacity of TiO, NPs. Moreover, findings showed that Ag/TiO,

was able to hinder microalgae growth under visible irradiation, whereas pure TiO,
NPs were ineffective. The prepared functionalized nanocomposites were then used

as protective treatment for porous ceramic materials. Nanocoatings exhibited super-
hydrophobic performance, high capacity to degrade pollutants, and good biocidal
properties on surface stones [93]. Table 1 summarizes the main application of Ag NPs
as preventive and consolidant treatments in the recent years (2019-2022).

5. Drawbacks, challenges, and perspectives

Silver nanoparticles become more broadly used in the field of protection of
cultural heritage materials. However, the transport of NPs in different environments
is still not clearly understood. In general, nanoparticles have the potential to leach
into the environment and cause ecotoxicity in soil, water, and related biota [96]. The
major form of the toxic action and toxic effects are usually related to the dissolution
of the metal into metal ions, and then it is introduced into the environment. Zhang et
al. [97] pointed out the necessity of investigating NPs’ toxicity in natural waterways.
To clearly understand the toxicity of nanoparticles in natural water, authors studied
the harmfulness of Ag NPs toward unicellular green alga “Chlorella pyrenoidosa” in
four freshwater bodies. Findings revealed that water chemistry had a deep impact on
dissolution, aggregation, and algal toxicity of nanoparticles. Authors stated that the
ecotoxicity of silver NPs was generally attributed to the release of the harmful ions.
Indeed, the dissolved Ag" might be principally responsible for the toxicity of Ag NPs.
On the other hand, Franco-Castillo [98] stated that Ag NPs are regularly cytotoxic
and consequently have an impact on the health, the safety, and environmental impli-
cations for restorers-conservators, curators, and general public.

The potential of using engineered nanoparticles for the preservation of heritage
structures has been developed for the restoration of deteriorated materials, produc-
tion of self-cleaning surfaces or developing surfaces as a biocide to minimize biodete-
rioration. However, several studies need ideally to be carried out iz situ, or in the real
environment, such as outdoors, in archives, where the anthropogenic circumstances
could be investigated appropriately. The period of the research projects, the time
required for the implementation of medium-to-long-term iz situ investigation by
collaborative programs including research centers, museums, and professionals in
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conservation and restoration, needs to be taken into account [98]. Studies should not
be limited only to the efficiency of antimicrobial treatment but also to the entire pro-
cedure involving the design, application, investigation of the progressive evolution of
the treatment, detachment, leaching, or ions release. Moreover, a protocol concern-
ing the removal or clearance of treatment needs to be taken into consideration, in
accordance with conservation rules. Several works have been performed to conserve
heritage materials through the application of Ag NPs, these NPs are still far away from
being routine treatments. There exists limited understanding concerning the impact
of engineered nanoparticles on the environment after being released from the treated
surfaces. Nevertheless, it is important to control their impact on the different nearby
non-target organisms and ecological processes [99].

6. Conclusion

Tackling the deterioration of cultural heritage needs a global effort. Material
scientists are asked to elaborate novel nanomaterials and develop new methods for
the conservation of heritage artwork. In this study, we have particularly focused
on the different works that have been developed to use Ag NPs to preserve heritage
materials from deterioration. In this chapter, the different degradation mechanisms
of cultural heritage materials have been presented in detail. An overview about
different nanomaterials used as protective and consolidation agents with the aim
to preserve the historic buildings from deterioration has been provided. Next, the
different works that have been performed to exploit silver nanoparticles used alone or
coupled with semiconductors for cultural heritage conservation have been described.
Studies showed that silver NPs revealed high capability to protect heritage materials
from biodeterioration. The main risks of using silver NPs for conservation purpose in
addition to the different challenges to make Ag NPs widely used in this field have also
been discussed. More importantly, the effect of NPs after their application on heritage
materials surfaces needs extensive studies, to be assured about them being harmless to
the environment and human beings.
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