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Abstract

mation products under realistic scenarios.

nanoparticles

Nanoparticles (NPs) of metal oxides, sometimes referred to as engineered nanoparticles have been used to protect
building surfaces against biofilm formation for many years, but their history in the Cultural Heritage world is rather
short. Their first reported use was in 2010. Thereafter, a wealth of reports can be found in the literature, with Ti, Ag

and Zn oxides being the major protagonists. As with all surface treatments, NPs can be leached into the surrounding
environment, leading to potential ecotoxicity in soil and water and associated biota. Dissolution into metal ions is usu-
ally stated to be the main mode of toxic action and the toxic effects, when determined in the marine environment,
decrease in the order Au>Zn>Ag>Cu>Ti>Cy, but direct action of NPs cannot be ruled out. Although ecotoxic-

ity has been assessed by a variety of techniques, it is important that a suitable standard test be developed and the
European Unions's Biocidal Product Registration group is working on this, as well as a standard test for antimicrobial
efficacy to determine their impact on ecological processes of surrounding non-target organisms and their transfor-
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Use of nanoparticles in the protection of cultural
heritage buildings

Nanoparticles (NPs) are produced both as a result of
natural events such as volcanic eruption, terrestrial dust
storms, erosion, and forest fires and are thus consid-
ered naturally produced nanoparticles. However, there
is another type of nanoparticles that are produced by
man, known as engineered nanoparticles (ENPs), which
are manufactured using different materials such as metal
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oxides, metals, carbon, polymers and lipids [1]. The
potential of nanoparticles (NPs) for conservation of built
structures has been established for the consolidation of
decayed materials, production of de-polluting surfaces,
self-cleaning, surface enhancement or as a biocide to
reduce biodeterioration [2—5]. Titanium dioxide (anatase)
has been employed for many years [6, 7] and in some
respects has become the gold standard for self-cleaning
surfaces. TiO, NPs have high stability and photo-reac-
tivity, are active against a broad spectrum of microor-
ganisms and, importantly, have low cost. However, the
conservation community was slow to realize the potential
of this photocatalytic process for cultural heritage build-
ings. In 2009, a research paper was published to dem-
onstrate the effectiveness of TiO, in preventing fungal
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colonization on concrete, and the authors included his-
toric buildings in their discussion as structures that could
be protected by this means [8]. Fonseca et al. [9] tested
the efficacy of TiO, (anatase) on the “Palacio Nacional
da Pena in Sintra, Portugal’, and showed that it was more
effective than two conventional biocides. It has also been
suggested that TiO, NPs may decrease the bioreceptivity
of the treated surface because of its self-cleaning ability
[10], and this would reduce recolonization after remedia-
tive treatment.

Since then, an increasing number of studies of the
use of these photocatalytic nanoparticles on buildings
of cultural heritage have been published and tested,
with different metals or hybrids containing more than
one type of nanoparticle (NPs) [e.g. 4, 11]. Suspensions
of mixed NPs or NPs mixed with other chemicals have
been tested for their efficacy against biofouling of build-
ing envelopes. Frequently the mixtures are found to be
more effective than a single NP, advocating synergistic
action. Substances that have been mixed with nanopar-
ticles to improve function include biocides, heavy metals,
and water repellants/stone consolidants. La Russa et al.
[5] found that Ag, Fe and Sr could increase the activ-
ity of TiO, and could be applied for stone preservation.
Although Becerra et al. [12] confirmed the additive effect
of Ag on TiO, nanoparticles for protection of limestone,
Graziani et al. [13] found that the addition of neither Cu
nor Ag improved the self-cleaning and anti-biofouling
activities of TiO, nanoparticles, while Pinna et al. [14]
found that, although copper nanoparticles could be a
suitable alternative to traditional biocides such as tin
derivatives for protection of archaeological stone (mar-
ble, sandstone and plaster), they did not reduce regrowth
sufficiently. Further examples can be found in Fonseca
et al. [8], Pinna et al. [15], Banach et al. [16], and Batista
Goftredo et al. [17].

A potential new nanosystem has been suggested for
constructional materials, based on a natural halloysite
nanotube-based carrier. The aluminosilicate clay mineral
nanotubes were loaded with a biocide and the system
found to effectively prevent biological growth on mor-
tar over 2 years [18]. This could be a useful addition to
the armoury of the historic building restorer. A poten-
tial application, specific for cultural heritage buildings
as opposed to modern constructions, is the eco-friendly
application of biocidal nanoparticles in a water repel-
lant. Such a nano-composite, composed of TiO, and
poly(carbonate urethane), was produced and tested by
D’Orazio and Grippo [19]. It was shown to have self-
cleaning and water desorption activities.

Recently, Toniolo and Gherardi [20] overviewed the
protection of historic marble by NP coatings, conclud-
ing that suitably modified nanocomposites based on
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TiO, seem very promising. They also considered the
use of laboratory versus field testing of coatings; each
has its place, but only field tests can predict the true
protective value of an experimental treatment. The
influence of test site (environment) is exemplified by
the following two publications. An extended testing of
TiO,, Ag and ZnO NPs in siloxane wax for protection
of underwater marble resulted in the patenting of a new
product for underwater cultural property, based on
NPs containing TiO, and Ag [21]. On a terrestrial site,
however, a historic stone building in Italy, TiO, NPs
had less success. Ruffolo et al. [22] tested pure TiO,
(anatase 25 nm) and TiO, mixed with silver nanoparti-
cles at a ratio of 100/1 in aqueous dispersion of nanosil-
ica. The solutions were applied to selected sites on the
stone walls of Villa dei Papiri in Herculanum, Naples,
Italy by brushing, 3 months after cleaning with an
organic biocide (Biotin R). Results were monitored over
8 months. Although the biocide cleaning was effective,
no difference was seen between control and NP-treated
areas after 4 months and, in fact, higher recolonization
occurred on treated areas in high humidity zones, close
to the ground.

Similarly, spray application of TiO, NPs, with or with-
out Ag and Cu NPs, was unable to increase significantly
the durability of travertine (limestone) subjected to arti-
ficial accelerated ageing [23]. Factors affecting efficacy of
NPs on building materials include porosity and rough-
ness; when these are high, NP treatment is less likely to
be effective [24]. The latter authors record the effective-
ness (or lack of it) on phototroph growth on three types
of limestone, two of sandstone and a tuff. They suggest
that TiO, is not a suitable treatment for preservation
of porous and rough stone. Many examples, where NP
treatment is effective in one case, but not in another,
can be found. Hence NPs are still not used routinely in
the cultural heritage field, and their efficacy needs to be
proven for each particular material and environment.

Probably the main metals currently used in NPs for cul-
tural heritage buildings are Ti, Ag, Zn and Si. These are
the same NPs that show the highest worldwide produc-
tion values overall, with Si>Ti>Zn > Ag, followed by Cu
[25]. Ortega-Morales et al. [26] have recently reviewed
some of the literature on the use and testing of Ti, Ag, Zn
and Cu NPs for protection of cultural heritage, as have
Sierra-Fernandez et al. [27]. SiO, NPs are used mainly
as stone consolidants [28] and not as protective antimi-
crobial surfaces with anticipated inhibitory ecological
effects, although a nanocomposite containing both SiO,
and a biocidal NP of CuO has been found useful as a bio-
film inhibiting consolidant [29] and silica nanocontain-
ers have been shown to be suitable in the production of
a slow-release system for a natural antifouling agent [30].
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The lack of really convincing evidence for the efficacy
of nanoparticle coatings on cultural heritage buildings,
together with the need for specific testing of relevant
materials and environments, has limited the use of these
potentially useful materials by conservators. As con-
servationists not only by name, but also by outlook, the
potentially adverse effects on the environment of these
relatively new tools are also considered of immense
importance by those concerned with control and mainte-
nance of our heritage. The next, and larger, section of this
article considers these aspects.

Ecotoxicological consequences of release

of nanoparticles in the environment

There is limited understanding of the environmental fate
of engineered nanoparticles (ENPs) after release from
treated surfaces. Ecotoxicological studies report differ-
ent results of bacterial inhibition, stimulation, survival
and death, which depend on dose, species and test pro-
cedures [31].

However, it is important to determine their impact on
surrounding non-target organisms and ecological pro-
cesses not only following leaching, but also during their
production, especially since that production is estimated
to grow to 58,000 tons per year by 2020. In 2010, it was
estimated that up to 309,000 metric tons of ENPs were
produced and that 63—91% of these ended up in landfills
[32]. Therefore, the risks of engineered nanoparticles
(ENPs) have been widely debated in recent years. Since
the early discussion about the risks of NPs, chemical
risk assessment (CRA) has been presented as the most
relevant approach to understand, evaluate and quan-
tify the ecotoxicological risks. CRA is an international
process [recognized by WHO (World Health Organiza-
tion), OECD (Organization for Economic Cooperation
and Development)] and a fundamental ingredient of the
REACH (Registration, Evaluation and Authorization of
Chemicals) in which scientific and regulatory principles
are applied in a systematic way to describe the hazards
associated with environmental and/or human exposure
to chemicals. CAR is a four-step process, consisting of:
(1) hazard identification, (2) dose—response assessment,
(3) exposure assessment and (4) risk characterization. Its
main result is a statement of the probability that when
human or other environmental receptors (e.g. plants,
animals) are exposed to a chemical agent, they will be
harmed and to what degree [33].

Gladis et al. [34] stressed the importance of active
agents under development being subject to ecotoxico-
logical assessments. Indeed, ENPs may potentially be
released into the environment throughout their life cycle,
from production to the end of their useful life. Ferrari
et al. [35] carrying out a life cycle assessment of TiO, NPs
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used in the protection of cultural heritage, determined,
with the limited information available at that time, that
the most important environmental damage was related
to the production and application of TiO, NPs sprays to
the surface of the stone, with a major impact factor being
the energy-intensive method of spray application; they
stated that this could readily be reduced by using manual
application. More recently, Gonzalez-Gélvez et al. [36]
reviewed the processes that occur throughout the life
cycle of nano-products, including release studies.

After application, release of ENPs may result when
the coatings are not fixed adequately to stone or when
the durability of materials is not sufficiently effective to
remain adhered to the substrate over a long period of
time [37, 38]. Air is the principal factor that affects the
fate of nanoparticles in the environment and is deter-
mined by three main factors: (1) the duration of time in
which the particles remain in the air, (2) their interaction
with other particles or molecules in the atmosphere, and
(3) the distance that they can travel in the air. The impor-
tant processes for understanding the dynamics of ENPs
in the atmosphere are diffusion, agglomeration, wet and
dry deposition and gravitational sedimentation. When
considering the duration of time that ENPs remain in the
air, they are assumed to follow the laws of gaseous dif-
fusion. The rate of diffusion is inversely proportional to
the particle diameter and the rate of gravitational sedi-
mentation is proportional to it. In general, particles on
the nanometer scale are considered to have a shorter
residence time in air, compared to medium-sized parti-
cles, because they quickly agglomerate into much larger
particles and settle to the ground. Here again ENPs with
anti-agglomeration coatings differ and their residence
time cannot be predicted. It is considered that deposited
ENPs are generally not resuspended or re-aerosolized in
the atmosphere [33].

When the nanoparticles enter water systems, they may
have considerable impact on the ecosystem. For instance,
through their antimicrobial action they can change the
composition of the bacterial community in biofilms
within the marine environment, thus affecting the settle-
ment of invertebrate larvae and causing disequilibrium of
the ecosystem [39]. Chen et al. [40] showed that Ag and
ZnO NPs altered the functional bacterial community in
activated sludge, inhibiting denitrifying bacteria at higher
concentrations. It has been suggested that NP pollution
would be greater in soils than in other recipient environ-
ments [41] and this gives cause for concern. Kaegi et al.
[37, 42] using run-off experimental set-ups, were able
to demonstrate unequivocally the direct release of silver
and titanium oxide ENPs from facade paints (aged and
new coatings) and their transport into surface waters
and soils. Levard et al. [43] reported the transformation



Reyes-Estebanez et al. Herit Sci (2018) 6:52

processes of Ag NPs that occur in various aqueous envi-
ronments and how these impact on their stability and
toxicity, while Bondarenko et al. [44] reviewed the eco-
toxicity of ENPs containing Ag, CuO and ZnO, compar-
ing the 50% lethal concentrations or minimum inhibitory
concentrations (MIC) against algae, crustaceans, fish,
bacteria, yeast, nematodes, protozoa and mammalian
cell lines. Crustaceans, fish and, especially, algae were
generally the most sensitive, and MIC values for bacte-
ria were much higher, indicating that the levels needed to
prevent biofilm formation would be well above those that
are toxic to aquatic organisms. This implies that the risk
of ENP release from coated surfaces in buildings repre-
sents a real issue in environmental terms, so that proper
assessment is necessary.

Giese et al. [45], however, consider that ENPs are not a
threat to most environmental compartments, apart from
those located close to manufacturing or waste disposal
plants. The authors point out, though, that many of the
published studies in this area have flaws; hence it would
be advisable to reduce release of these substances into
the environment.

The development of slow-release formulations will help
to ensure not only that antimicrobials have prolonged
life at the site, but also that large amounts of NPs are not
released rapidly into the environment. In a step towards
this aim, ecofriendly, superhydrophobic coatings contain-
ing TiO, and SiO, nanoparticles were produced by Chen
et al. [46]; the completely water-based coatings were self-
healing and durable.

Graphene oxide has been shown to increase the stabil-
ity of copper NPs [47] among others, and it not only sta-
bilizes, but also increases the antimicrobial activity [48].
In this respect, silver graphene oxide (AgGO) has been
shown to be a more effective antimicrobial than ZnGO
[49]. Slate et al. [50] reviewed various modified graphenes
and their use in advanced 2D antimicrobial coatings.

Halloysite, an aluminosilicate nanotubular material,
can be loaded with antimicrobial NPs to produce a novel,
slow-release product [51]. The nanotubes with metal
oxide NPs have enhanced antimicrobial efficacy [52, 53].

Ecological effects of NPs in soils

ENPs may enter the soil system directly, by leaching from
building surfaces, or indirectly, via wastewater sludges
used as fertilizers [54]. ENPs tend to partition into the
sludge in wastewater treatment plants [55] and their dis-
posal into soil can result in contamination by the parti-
cles themselves, or their transformation products. Lahive
et al. [56] showed that, in contradiction to several pub-
lications [e.g. 57], ENPs were more toxic to earthworms
than their respective metal ions; earthworm reproduc-
tion was reduced by 90% when they were exposed to
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ENP-containing soil but only 22-27% in soil containing
the metal ions Ag or, especially, Zn.

There are several controls dictating the biological
impact and ultimate fate of ENP in soils. As well as pH,
porosity of soils plays a key role, allowing ENPs to pass
through the pore system, leaching into aquifer systems
and eventually marine environments [42]. Engineered
nanoparticle mobility is more efficient across mineral
soils than in soils rich in organic colloids; therefore, this
condition is determinant in establishing mobility and
ultimate fate of NPs [58]. As ENPs reach the soil com-
partment, nanoparticles interact with organisms thriv-
ing in the surroundings of cultural heritage buildings.
The effect of different metal nanoparticles can be seen on
soil non-target macroorganisms (plants and invertebrates
such as annelids, nematodes and insects) and micro-
organisms. Table 1 describes the important impacts for
metal ENPs reviewed so far, relevant to the conserva-
tion of built cultural heritage. ENPs influence organisms
at the biochemical and cellular levels. They also affect
organisms at tissue, organismal and community levels,
with various outcomes (Table 1).

Metal oxide NPs, including Ti, Zn [80] and Ag [81],
have been shown to alter enzymatic activities and bacte-
rial community structure in soils, especially when these
are alkaline. In plants, Ag-based ENPs have been shown
to exert negative effects at low doses, causing chromo-
somal aberrations [69]. These ENPs are also active against
natural enemies of the mosquito, suggesting a potential
public health problem through disruption of biological
control of mosquito populations [64]. There is evidence
that CuO-based ENPs are toxic to the reproduction of
Enchytraeus crypticus (earthworm) and this may alter soil
processes, since earthworms are key players in soil health
[75]. Soil processes may also be altered via the nitrogen
cycle in plants when impacted by TiO,, as well as by Ag-
based and CuO ENPs.

Kim et al. [82] found reduced levels of dehydroge-
nase, phosphatase, and -glucosidases in soil mesocosms
treated with CuO NPs. Similarly, ZnO NPs have been
found to negatively affect microbial diversity in soils,
reducing respiration and ammonification in periods as
short as 30 days after exposure [83]. Not only microbial
diversity, but also community composition, could be
affected in soil impacted by ENPs released from treated
surfaces. Doolette et al. [84] studied the influence of Ag
NPs on soil microbial populations. They found a differen-
tial response of the community with some phyla (Acido-
bacteria, Actinobacteria, Cyanobacteria and Nitrospirae)
being significantly decreased as Ag NPs concentration
increased. Conversely, Proteobacteria and Planctomy-
cetes increased and became dominant. TiO, NPs, often
stated to have low environmental impact, were found



Reyes-Estebanez et al. Herit Sci (2018) 6:52

Page 5 of 11

Table 1 Influence of principals ENPs on animals and plants at both the organismal and biochemical levels

Type of NPs Biological group Organisms

Toxic activity

References

TiO, Insect

Plants

Ag Insect

Annelids

Plants

CuO Insect

Plants

Zn0O Insect

Annelids

Nematodes

Drosophila melanogaster
Lemna paucicostata (Aquatic plant,
duckweed)

Lycopersicon esculentum

Spinacia oleracea
Drosophila melanogaster
Aedes aegypti and Anopheles stephensi

Aedes albopictus, Toxorhynchites splendens,
and Mesocyclops thermocyclopoides

Aedes aegypti and Culex quinquefasciatus
Aedes aegypti and Anopheles stephensi
Eisenia andrei

Eisenia fetida

Allium cepa

Cucumis sativus

Aquatic plant duckweed Lemna pauci-
costata
Arabidopsis thaliana

Oryza sativa (Asian rice)

Allium cepa

Drosophila melanogaster
Enchytraeus crypticus
Vigna radiata

Lactuca sativa
Helicoverpa armigera
Eisenia fetida

Caenorhabditis elegans

Progeny loss and decline in female
fecundity

Toxic effect on growth at concentration
range of >250 ppm

Reduced chlorophyll content and fruit
productivity

Increase of N cycle-related enzymes
Decrease in developmental success.

Larvicidal activity against mosquito
borne diseases

Highly effective against larval instars (I-
IV) and pupae. Reduced toxicity against
the mosquito natural enemies M.
thermocyclopoides and T. splendens

Activity against mosquito larvae in a
dose-dependent manner

High toxicity against the treated larvae at
very low concentrations

Bioaccumulation of silver nanoparticles
in earthworms

Toxicity increase with time

Abnormalities in post meiotic products in
root tip and flower buds. Both mitotic
and meiotic indexes decrease with
increasing concentrations of bio-AgNPs
in the treated cells

Growth indices (except pH of fruit), and
concentration of silver heavy metal
increased significantly

Ag-NP (50 nm at > 1 ppm) inhibits
growth of Lemna

Up-regulation of 286 genes and down-
regulation of 81 genes after treatment

Cytotoxic. Increased protein precursors
for oxidative stress tolerance, calcium
regulation and signalling, cell wall/
DNA/RNA/protein direct damage, cell
division, and apoptosis after exposure
for 21 days

Oxidative stress and toxicity in roots only
when applied in higher concentrations
(25,50, 75 and 100 puM)

DNA damage in larval hemocytes and
mutant spots on wings

Toxic for reproductive output of the
worms

Reduced shoot and root length and
biomass

Reduced the root length

Larvicidal and pupicidal strongly reduced
longevity and fecundity. Reduced food
consumption

Significant damage to earthworms after
exposure

Smaller particle sizes (< 25 nm) are toxic
to nematode

Philbrook et al. [59]
Kim et al. [60]
Songetal. [61]

Zheng et al. [62]
Philbrook et al. [59]
Balakrishnan et al. [63]

Kumar et al. [64]

Ramkumar et al. [65]
Velu et al. [66]
Velicogna et al. [67]

Diez-Ortiz et al. [68]
Saha and Gupta [69]

Shams et al. [70]

Kim et al. [60]
Kaveh et al. [71]

Mirzajani et al. [72]

Cvjetko et al. [73]

Carmona et al. [38]

Gomes et al. [74]
Gopalakrishnan Nair et al. [75]
Liu et al. [76]

Murugan et al. [77]

Hu et al. [78]

Khare et al. [79]

NPs Nanoparticles
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to reduce ammonia-oxidizing Archaea in soil systems
at very low concentrations [85]. Even small apparent
changes in microbial composition of a soil can have sig-
nificant impact on function. These studies are in line with
a recent review [86] about the impact of ENPs on soil
microbial communities. The authors reported that con-
trasting responses can be observed according to the type
of NP, the concentration, the exposure time, and other
factors. They advocate for the study of effects of realistic
concentrations of nanoparticles and the identification of
soil variables controlling the bioavailability and toxicity
of nanoparticles is order to provide a better environmen-
tal risk assessment. It is on good scientific grounds that it
is stated that ENPs may pose an environmental concern,
and should be the subject of proper assessment, as in
the case of biocides [87]. A suggested standard method
to determine ENP release during outdoor weathering
of treated surfaces was published by Lankone et al. [88]
and it is important that an official standard be developed,
tested, approved and published to enable future produc-
tion and use of acceptable NPs.

Unfortunately, there are, as yet, no standard tests
for the ecotoxicity of ENPs, although the International
Standards Organization test, ISO 11348-3 [89], using
luminescence inhibition of the marine Gram-negative
bacterium Vibrio fischeri strain NRRL B-11177, has been
employed [90]. There is much discussion within the
European Union’s Biocidal Products Regulation group
about suitable tests for ENPs [91]. Holden et al. [92]
recommended the development of standard ecotoxicity
tests using bacteria, and Chifiriuc et al. [93] suggested
that Drosophila should be used in a standard test, mainly
because of its low maintenance cost and lack of ethical
objections.

More recently, Holden et al. [94] have reviewed the var-
ious test methods present in the literature and suggested
that the employment of more realistic conditions would
improve the methodology. Hjorth et al. [95] insisted that
OECD (Organization for Economic Co-operation and
Development) guidelines must be published to allow con-
trolled regulation of ENP release into the environment.
OECD draft test guidelines for dissolution and agglomer-
ation of NPs exist, but require modification and extension
to include methods to estimate heteroagglomeration, the
process by which NPs are adsorbed on cells, (contrasting
with homoagglomeration which refers to NPs clustering
with other NPs) and the tendency for NPs to transform in
the environment [96, 97]. Such tests are essential for the
future safe development of ENP technology.

Ecological effects of NPs in the aqueous environment
Not only soil, but also water, is affected by run-off from
NP-treated surfaces. Griffitt et al. [98] used zebrafish,
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daphnids, and an algal species to determine the toxic
effects of Ag, Cu, Al, Ni, and Co, both as NPs and as
their soluble salts. They compared the results to those for
TiO, NPs. Ag and Cu in nano form were toxic in all the
organisms tested, while TiO, NPs were completely nega-
tive. Filter-feeding invertebrates were more susceptible
to nanometals than zebrafish and nanometals were less
toxic than their soluble forms. Vicario-Pares et al. [99]
showed that the health of zebrafish was impaired by both
ionic Ag and Ag NPs, but that the effects on liver tran-
scriptome regulation were different. Aruoja et al. [100]
showed that ZnO NPs were more toxic to the microalga
Pseudokirchneriella subcapitata than CuO NPs. The
toxicity was attributed mainly to bioavailable metal ions
released into the water. They agreed, therefore, with the
conclusions reached by Griffitt et al. [98], and Ivask et al.
[101], and compared the effects of several NPs in their
original and dissolved forms, adding to the debate.

Zhang et al. [102], emphasizing the importance of test-
ing NPs toxicity in natural waters, rather than artificial
ones, also confirmed that ZnO and Ag NP ecotoxicity
was mostly due to release of the toxic ions.

Transport of NPs in the aquatic environment can be
affected by aggregation, dissolution, and/or transforma-
tion, and these, in turn, depend on the size and shape of
the particles, the composition and concentration of elec-
trolytes in the environment, and biogeochemical and
hydrodynamic conditions [103—105]. The presence of
extracellular polymeric substances (EPS) from aquatic
microorganisms can affect ENP stability; the dissolution
of CuO NPs was increased by EPS [106], impacting on
their ultimate permanency in the environment. Model-
ling and predicting the environmental fate and distribu-
tion of NPs is, therefore, challenging.

Hegde et al. [107] reviewed and discussed the environ-
mental problems associated with ENPs and Mahaye et al.
[108] reviewed their genotoxicity in aquatic organisms.
Minetto et al. [109], whilst criticizing the lack of research
on ecotoxicity of ENPs and particularly mixed NP formu-
lations, stated that research up to 2016 suggested that the
toxicity effects of NPs in the marine environment were,
in decreasing order, Au>ZnO>Ag>CuO>TiO,> Cy,.
However, the frequently reported influence of environ-
mental factors like salinity, pH and presence of pollutants
on ENPs toxicity means that this may not be applicable in
all situations. The biological components of the environ-
ment must also be considered; in the presence of algae,
for example, Ag NP toxicity for Daphnia is reduced [110].

While ENPs released into soil and water are obvi-
ous concerns, John et al. [111] pointed out that air con-
tamination can also occur accidentally or, especially,
when sprays are used. This is less common than soil and
water pollution but should be further studied. The only
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publication found that examines interactions between
NPs and airborne particles is that of Baysal et al. [112].

NP interactions with chemical pollutants
Only recently has the issue of reaction between released
NPs and other pollutants in the environment been raised.
The presence of existing contaminants may decrease bio-
availability of the active metal ions by complex formation,
aggregation, or absorption, thus reducing environmen-
tal toxicity; on the other hand, they may have synergis-
tic effects, increasing the ecotoxicological risk [113, 114].
Deng et al. [115] pointed out that NPs released into water
bodies may react with organic contaminants, metal/met-
alloid ions, dissolved organic matter, inorganic ligands
and other NPs, as well as influencing the bioaccumu-
lation of organic contaminants and heavy metal ions.
Zhang et al. [116] reported that TiO, NPs had a syner-
gistic inhibitory effect with atrazine against the alga
Chlorella pyrenoidosa, an additive effect with pentachlo-
robenzene, and an antagonistic effect for hexachloroben-
zene and 3,3',4,4'-tetrachlorobiphenyl. Okupnik et al.
[117] showed that cyanobacterial toxins could adsorb to
TiO, NPs, affecting the transport and transformation of
both materials, while the antibiotic tetracycline has been
shown to stabilize TiO, NPs in aquatic systems [118].
Many unknown reactions can take place once ENPs
are released into the (often unstudied) environment. For
instance, microbial extracellular polymeric substances
(EPS) can react in various ways with ENPs [119], modify-
ing their surfaces and hence their fate in the surround-
ings and their potential toxic effects. This is an area that
requires further research if we are to understand and pre-
dict the levels of toxicity exerted by different ENPs in the
natural environment.

Summary and perspectives

Nanoparticles (NPs) are becoming more widely used for
the protection of Cultural Heritage buildings, but they
are a long way from being routine treatments. Probably
the major barrier to this is the fact that treatments have
to be tailored not only to the particular substrate, but
also to the surrounding environment. Even the changes
in climatic conditions between the seasons can alter the
immediate result and the longevity of NP coatings. Given
the relative cost, compared to current and traditional
conservation treatments, it seems likely that more devel-
opment will be necessary to improve NP coating efficacy
before they become accepted routinely by conservators
and restorers.

The fate, transport and transformation of NPs in
different environments are still little understood.
Complex interactions mean that the exact physical,
chemical and biological make-up of an environment
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will have a tremendous effect on the final ecotoxic
effects of released ENPs. Hence predictive modeling is
problematic.

There is some information on ways in which NPs can
be modified in order to reduce their release, or reduce
their environmental effects once released; however,
this research is in its infancy. In view of the projected
increase in use of NPs in the future, this should be one
of the foci of current research.

In order to enable direct comparison of newly pro-
duced and already available ENPs, standard tests must
be used. One of the most important conclusions from
this brief review is the necessity for the development of
suitable standard tests, not only for assessing antimi-
crobial efficacy of NPs, but also for determining their
ecotoxicological effects. This is a readily achievable goal
and will facilitate basic research on testing and produc-
tion of more environmentally acceptable ENPs prod-
ucts. It is also necessary, as suggested by Selck et al.
[120], to re-direct the study in various environments to
(1) ENP characterization and quantification in environ-
mental and biological matrices; (2) ENP transformation
in the environment and consequences for bioavail-
ability and toxicity; (3) alternative methods to assess
exposure and monitoring; (4) influence of exposure
scenarios on bioavailability and toxicity; and (5) uptake,
internal distribution, and depuration of ENPs.
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