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9.1
Introduction

The dramatic expansion of nanotechnology and the widespread use of nanomate-
rials in multitude fields, spanning from industrial food to manufacturing to elec-
tronics, has prompted the need to investigate potential toxic effects due to
unintentional release or contamination of the environment through powder/water
waste-streams [1–4]. Moreover, the power of nano-based devices in biomedical
research and clinical practices for diagnosis and therapy also dictate adequate tox-
icological evaluation, so that this technology can be used in a responsible and
sustainable manner and with minimal risks for human health [5,6].
A comprehensive toxicological evaluation of a single nanomaterial should

include both the environmental impact and the effect on human health, while
the evidence cumulated to date is snapshots of single interactions between a
nanomaterial and a definite target, that is, a cell line, a small animal or in a few
cases of a few systems. Studies addressing ecotoxicological impact of nanomate-
rials are generally not related to those addressing cytotoxicity of the same mate-
rial on human cell lines, taking separately different aspects of a likely similar
interaction. The nanotoxicology research community needs not only standard-
ized protocols for measuring biological response in vitro and in vivo, but also a
database repository to collect large datasets from screening against different bio-
systems, obtained by different laboratories [7]. From the analysis and compari-
son of such results it would be possible to map network interactions and draw
conclusions.

9.2
Impact on Environment: Nanoecotoxicology

Nanoecotoxicology is a relatively new science that deals with the effects of nano-
materials on organisms other than man, especially at the population, commu-
nity, and ecosystem levels [8].
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While risk assessment for humans addresses only a single species, environ-
mental risk assessment concerns many species with different morphology, physi-
ology, nutritional habits, and stress-susceptibility. For example, in an
environmental study addressing the toxicity of a metal nanoparticle on a marine
ecosystem, all biotic/abiotic components should be tested, checking the stability
of the test compound under that salinity and osmotic pressure, the uptake of free
or agglomerates forms by aquatic plant/animal species through different routes
(respiratory organs, direct ingestion or through the food chain), and the bioaccu-
mulation and secretion up to the complete turnover/degradation [9,10]. The
achievement of such tasks is difficult as it demands the analysis of all the compo-
nents of the microenvironment possibly interacting with the nanoparticle.
Since a single laboratory usually addresses only limited aspects of such a com-

plex network of interactions, it appears evident that bioinformatic tools should
soon be included to assist not only the analysis of large datasets but also in the
prediction of potential harmful effects in the designing of new nanoparticle-
based products [1,11]. For ecotoxicological investigations aquatic animals are
generally used [12], as also indicated by the EU chemical safety policy, REACH
(Registration, Evaluation, Authorization and Restriction of Chemicals) [13], stat-
ing that by 2018 all chemical substances present in the European market above a
threshold level (1 metric ton per year) must be characterized for their potential
impact on aquatic ecosystems. Crustaceans (Daphnia) and aquatic plants (algae)
are selected for short-term toxicity and growth inhibition tests, respectively,
while fishes are used for the next annual tonnage level (>10 metric tons). After
anthropogenic release into the aquatic environment nanoparticles can be up
taken by planktonic or sediment dwelling invertebrates and enter the food chain,
representing a hazard for wildlife and humans (Figure 9.1).
Several studies using planktonic crustaceans such as Daphnia magna [14], fil-

ter-feeding invertebrates, Elliptio complanata [15,16], ciliate (Tetrahymena pyri-
formis), and bacteria (Escherichia coli, Vibrio fisheri) [10] have been testing
colloidal semiconductor quantum dots (QDs), owing to their cadmium content,
the environmental toxicity of which as metal pollutant has been thoroughly
investigated.
Recently, our group introduced two cnidarian species, the freshwater polyp

Hydra vulgaris and the starlet sea anemone Nematostella vectensis as novel
model organisms for nanotoxicology.
Shaped like a hollow tube with a basal foot and an apical mouth surrounded

by tentacles, they can be easily maintained in the laboratory, allowing massive
culturing. Hydra reproduction by asexual budding allows the growth of large
clonal populations in short periods, while the possibility to induce gametogenesis
in Nematostella enables the evaluation of genotoxic and teratogenic effects of
any medium-suspended compound. Furthermore, the molecular tools available,
that is, whole genomic sequence, gain and loss of function techniques, allow us
to study at the molecular level the mechanisms underlying the toxicity. Polyp
exposure to medium-suspended toxicants may cause alteration of morphological
traits and developmental programs and adversely affect regeneration process,
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pattern formation, and reproductive capabilities, parameters that can be all pre-
cisely and accurately estimated and quantified by reliable assays. We adapted
previously developed protocols employed to examine the teratogenic potential
of several pharmaceuticals [17], including ethinylestradiol [18] and heavy met-
als [19–21], to assess the toxicity of CdTe QDs [22–24]. Several toxicity end-
points were identified: continuous exposure of living polyps to sub-lethal doses
of QDs caused time- and dose-dependent morphological damages more severe
than those caused by Cd2+ ions supplied at the same concentrations, impaired
both reproductive and regenerative capability, and activated biochemical and
molecular responses [25]. Interestingly, low QD doses, apparently not effective,
caused early changes in the expression of general stress responsive and apoptotic

Figure 9.1 (a) Possible routes of transport of
nanoparticles into the aquatic environment
and through the aquatic food chain. After
accidental or intentional release, nanoparticles
can be taken up by planktonic or sediment
dwelling invertebrates through direct uptake
from the water phase (colored arrows) or
through food uptake (blue arrows), finally
reaching humans. NPs can also reach the
basement by direct sedimentation from
waters or sedimentation of contaminated
living sources, plant/animal (brown arrows).
(b) Examples of test organisms used for
aquatic risk assessment and nanoecotoxiclogy.

From left to right: Chlamydomonas reinhardtii,
green alga, 10 μm, unicellular; Tetrahymena
thermophila, a freshwater water flea,
30–50 μm, unicellular, protozoa; Hydra vulgaris,
a freshwater polyp (2–5mm long), multi-
cellular, diploblastic; Nematostella vectensis,
the starlet sea anemone, multicellular diplo-
blastic, 2–5 cm; Daphnia magna, planktonic
crustacean, triblastic, 5mm. Image of Chlamy-
domonas reinhardtii reprinted with permission
from http://genome.jgi-psf.org/Chlre3/Chlre3.
home.html (Department of Energy (DOE) Joint
Genome Institute (JGI); Tetrahymena thermo-
phila and Daphnia magna from Wikipedia.
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genes. The occurrence of subtle genetic variations, in the absence of morpholog-
ical damages, indicates the importance of genotoxicity studies for nanoparticle
risk assessment. We also investigated the toxic effect on embryo development,
by treating Nematostella swimming planulae (corresponding to a well character-
ized and identifiable larval stage) with several Cd-based nanoparticles, and eval-
uated the impact on metamorphosis. We found negligible effects for PEG-coated
CdSe/CdS quantum rods, while severe effects on planulae development were
induced by CdTe QDs, as shown by both a significant delay of the whole meta-
morphosis process and modulation in the expression of some developmental
genes [26].
The versatility in morphological, cellular, biochemical, and molecular res-

ponses renders Hydra and Nematostella perfect model systems for high-
throughput screening of (eco)toxicological aspects of nanomaterials, enriching
the portfolio of aquatic invertebrates for risk assessment of freshwater and
estuarine environments [27].
Apart from this brief introduction to the ecotoxicological impact of

nanomaterials – a whole scenario on the overall aspects to be considered would
be necessary for proper nanoparticle risk assessment – in this chapter we will
not go into further details in this field, referring the reader instead to other dedi-
cated reviews [1,8,28–31]. Here we will focus on the molecular responses elicited
in a cell, considered as the smallest living unit, independently from its origin
(human, animal or plant derived) upon nanoparticle exposure.

9.3
Impact on Health: Nanotoxicology

Specifically designed to combine on a single structure multipurpose tags and
properties, “smart” nanomaterials permit the exploration of biological phe-
nomena and dynamics at the single-molecule scale with unprecedented spatial
precision and temporal resolution [32–34]. This is due to the unique properties
displayed by materials at the nanoscale, which are profoundly different from
their corresponding bulk chemicals, and to their size (comparable to that of bio-
logical molecules, i.e., nucleic acids, proteins, enzymes), which might interfere
with the physiology/behavior of the target living cell/animal, leading to
unpredictable effects. Among the factors to consider, the interaction of nanopar-
ticles with biological entities, the core and the shell composition, the size, and
the surface charge of nanoparticle play crucial roles [35]. The elicitation of sev-
eral pathways concerning the internalization, the activation of genetic cascades,
and biochemical networks [36,37] have been found upon nanoparticle exposure.
However, relating the chemicophysical properties of a given nanomaterial to the
evoked cellular effect is still a big challenge, and numerous attempts addressing
this issue wrestle with the different synthetic routes from independent laborato-
ries, different cell lines tested, and methodologies employed, making it hard to
predict broadly valid toxicity features [6,38,39].
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Currently, the most extensively studied NPs are carbon nanotubes (CNTs),
quantum dots, gold and silver NPs, fullerenes, and dendrimers. Within metal
oxide NPs, most scientific research has been performed on TiO2, followed by
ZnO, SiO2, and Al2O3. The prevalence of papers on CNTs and silver NPs is
consistent with their extensive use in consumer products, whereas the large
literature on quantum dots, gold NPs, dendrimers, and fullerenes can be
explained by their potential application in biology and medicine (e.g., bioi-
maging, targeted drug delivery, cancer therapy) [2,40,41]. For example, the
recent launch of the large-scale Brain Activity Mapping project provides cur-
rent evidence about worldwide efforts in using nanotechnology based tools
and techniques to boost research advances. By merging knowledge gained by
outstanding researchers from nanoscience and neuroscience fields the project
aims to reconstruct the full record of neural activity across complete neural
circuits [42,43]. For these reasons, the potential harmful effects of nanobased
devices designed for human purposes cannot be hidden by the potential ben-
efits, and the toxicity of any bio- and non-bio-interaction becomes a necessity
and a priority of the scientific community. Many reviews focusing on adverse
effects of nanomaterials to in vitro and in vivo biological systems have been
published over the last decade, emphasizing different properties of nanomate-
rials (charge, size, shape, surface coatings), which determine the particular
interaction with the cell membrane and the precise intracellular fate. Thus,
keeping constant one variable (i.e., chemical composition) the effect of a size
increase or of the different surface coatings on the interaction with a specific
cell line has been shown; in other studies, the same NPs have been tested
against different cell lines, with the ultimate goal of identifying general rules
to predict the behavior of a given nanomaterial. These analyses turn out to be
rather difficult, due to differences in the synthetic protocols between different
laboratories, different culture media, and lack of standardized methods by
which to assess unequivocally toxicity (i.e., doses and exposure time): Which
tests should be employed? Thus, this interdisciplinary research field is highly
complex, stimulating on-going debates and thesis on the priority and methods
that scientists should employ to face these issues [7].
Far from trying to obtain unifying rules on the toxicity of different nanomate-

rials, here we will provide a new perspective on the cell response when treated
with a nanosized entity. In an illuminating paper K. Dawson asked “What does
the cell see?” to indicate the complexity of the new entity presented at the cell
surface made by inorganic and organic compounds precisely structured and
coated by a corona of medium derived biomolecules [44]. Pointing to the
potential toxic nature of these new structures interacting with cells according
to completely new rules, here we use the term “nanostressor” to indicate any
nanomaterial/nanoparticle that could intentionally or unintentionally be pre-
sented to the cell. Using this acceptation we will focus on the wide array of
molecular events induced in a cell by a nanostressor, from the effects that it
could elicit in the cytoplasm, interfering with the processing of genetic informa-
tion at post-transcriptional level, to the effects that it could cause following

9.3 Impact on Health: Nanotoxicology 233



nucleus penetration, interacting directly or indirectly with the DNA and affect-
ing global gene expression, DNA/RNA physiological processes (transcription,
promoter activity), including the wide array of possible epigenetic responses due
to interaction with chromatin and affecting the genomic structure, phenomena
that are just starting to be considered by the scientific community. We point to
other work on the study of the heritable consequences of such undesired inter-
actions, aware that the effects displayed on the germ line may affect gametogen-
esis, reproduction, fertility and in turn embryogenesis, development, and
embryo–adult transitions. Figure 9.2 gives a schematic representation of the
molecular responses elicited by generic nanostressors in both somatic and germ
cells, together with the possible routes delivering nanoparticles directly to the
embryo, which should be taken into account for comprehensive evaluation of
the toxicological impact of any nanomaterial.

Figure 9.2 Schematic illustration of molecu-
lar responses to nanostressors. Following
uptake by a living cell, nanoparticles can exert
diverse effects depending on their subcellular
localization. The potential effects on cell
organelles (mitochondria, endosomes, lyso-
some, storage vesicles) are not included, as we
focus on the molecular responses elicited by
nanoparticles either at cytoplasmic or nuclear
level following interaction with nucleic acids
(DNA, RNA). The toxicities due to direct

interaction between NP/nucleic acids or to the
NP induced production of ROS (indirect effect)
are not distinguished, although depicted. NP
can affect both the somatic and the germ
lines, impacting on the gametogenesis and
fertility. NP can also enter into direct contact
with the embryo, depending on the reproduc-
tive modality of different animal species, and
on their capability to reach the embryo, cross-
ing biological barriers such as the placenta
(blue arrowed lines).
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9.3.1

The Basis of Nanogenotoxicity: NPs Affect DNA Integrity and Stability

A growing body of literature shows that different internalization routes and
intracellular fate of nanoparticles determine a diversification of cell responses to
nanostressors. Overall, nanomaterials can enter the cells through different mech-
anisms, including passive diffusion, receptor-mediated endocytosis, and clathrin-
or caveolin-mediated endocytosis. Internalization through the above-mentioned
mechanisms often culminates with lysosome compartmentalization. It appears
clear that while biodegradable nanoparticles may not interfere with the meta-
bolic activities of such machinery biopersistent nanostructures can dramatically
perturb vesicle trafficking and lysosomal fate, driving severe cellular dysfunc-
tions. Nanoparticles often escape the endosomal trafficking and continue their
journey into the cytoplasm, in cell organelles, or into the nucleus, affecting cell
structural or functional integrity. Although all such trafficking is of great inter-
est, each one would need extensive discussion, which is beyond the scope of this
chapter. Indeed, here we will focus on the molecular mechanisms activated in
the nucleus in response to nano-insults, such as nucleic acid metabolism, DNA
structural damages, RNA transcription, as well as epigenetic modification.
DNA stores the genetic instructions in living cells. Therefore, a cell invests

much energy to preserve its integrity and stability. The DNA itself is not an inert
biomolecule and it is substrate for numerous reactions, some of them producing
genotoxic effects. Nanoparticles can induce genotoxic effects by either direct
interaction with the genetic material or by indirect action through reactive oxy-
gen species (ROS) or ions released from NP core [45,46].

When NPs Meet the DNA It has been shown that NPs can reach the nucleus and
have direct access to the genetic material. Nuclear internalization may occur
through diffusion across the nuclear membrane, transport through the nuclear
pores, or by accidental recruitment during mitosis and/or meiosis. Several stud-
ies report that NPs with a diameter between 1 and 10 nm are able to enter the
nuclear pores [47], while those presenting larger sizes (16–60 nm) can access
DNA only when the nuclear envelope is disrupted (i.e., during cell divi-
sion) [48,49]. Depending on the chemical composition different effects can also
be observed. Indeed, although TiO2, AgNPs, and ZnO NPs can all reach the
nucleus they do not induce similar genotoxic effects [50–52]. TiO2 NPs form
aggregates included in large vesicles, which are pushed onto the nucleus, modify-
ing its form. Alteration of the nucleus shape can impair correct segregation of
the chromosomes during mitosis [53]. According to the phase of cell cycle,
nucleus located nanoparticles can affect different processes. Therefore, during
the interphase NPs can interfere with replication of DNA and/or RNA transcrip-
tion by binding to single-strand DNA or by incorporation into DNA duplexes.
Indeed, when cells undergo mitosis NPs can disrupt chromosome morphology
by inducing double strand breaks and altering the ability to go through cell divi-
sion [48,49]. A recent study demonstrated a direct interaction between carbon
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NPs and DNA in Escherichia coli [54]. In more detail, the authors provided evi-
dence that carbon NPs bind to single-stranded DNA and incorporate into DNA
duplex structures, probably during DNA replication, suggesting that these NPs
could represent a serious hazard for DNA replication processes.
Besides the effects on DNA structure and function, the impairment of the

machinery responsible for chromosome segregation in the daughter cells
(mitotic spindle, centrioles, and associated proteins tubulin polymerization) has
also been found to be induced by NPs (aneugenic effect). In vitro studies demon-
strated that TiO2 can induce multipolar spindle formation and impairment of
chromosome alignment and segregation [53,55].

When NPs do not Meet the DNA Among the indirect DNA damage induced by
NPs, the best known is that mediated by ROS [56]. For instance, SiO2 and TiO2

NPs, able to generate ROS (free radicals) in an aqueous environment, can intro-
duce DNA mutations leading to purine and pyrimidine lesions, and can also
induce breaks in the DNA structure. Similarly, metal ions such as Fe2+, Ag+,
Cu+, Mn2+, Cr5+, and Ni2+ can be released from NPs, producing intracellular
ROS via a Fenton-type reaction [57]. Another route to ROS production is the
endogenous one: mitochondria can sense and suffer the presence of NPs and
interrupt their respiratory chain, releasing free radicals [58].
As the cells possess physiological mechanisms to react to ROS accumulation

(i.e., glutathione, the major molecular antioxidant of cells) the depletion of gluta-
thione and superoxide dismutase can also underline cytotoxicity [59].

9.3.2

Hallmarks of gene Expression in Response to NPs

The great applicative potential of engineered NPs in biomedicine assumes the
broad safety evaluation of the starting nanostructure. Thus, all papers describing
the feasibility of new nanomaterials in biomedical contexts take into account the
toxicity issue. At the cellular level, many classical tests (MTT, apoptosis, oxida-
tive stress, inflammation, immunoreaction tests) and corresponding toxicity end-
points (LC50, EC50, NOEC) are reported. At animal level the foundation of the
chemical regulatory system for the human health risk assessment (HHRA)
resides on classical assays that generally involve chronic and sub-chronic rodent
exposures with concomitant analyses of tumor induction and of various non-
cancer endpoints, the most sensitive of which is used for regulatory decision-
making. These approaches form and have been invaluable for HHRA. However,
some of these assays, such as those based on chronic animal exposures at the
maximum tolerated dose, are time and resource intensive, thus limiting broad
application. Gene expression profiling is a potentially rapid and cost-effective
approach for identifying and assessing a prospective hazard, characterizing
chemical (or particle) mode of action, and assessing human relevance. Gene
expression profiling is extremely useful in identifying NP effects induced by low
doses, that is, not causing other evident alterations, or to distinguish between

236 9 Molecular Bases of Nanotoxicology



doses eliciting either an adaptive response or an adverse effect [60]. The release
of the first draft of the human genome sequence in April 2003 marked the open-
ing of the post-genomic era. Broadly, post-genomic studies use large-scale
molecular data to investigate medically relevant genes, proteins, biomolecules,
and their functional interactions. As for the human genome project, the post-
genomic approaches also reside on the availability of day by day improved
instruments for high-throughput screening of biomolecules, large public data-
bases, and bioinformatic tools for data analysis. The classical approach of gene
expression profiling resides on microarray analysis, which is based on the relative
efficiency of hybridization of samples of total mRNA with high density reference
DNA probes printed on a small plate (gene chip) representative of the entire
transcriptome. The results can be represented by heat maps, that is, a graphic
representation of the gene expression levels, the color of each bar referring to
the relative abundance of the gene product (Figure 9.3). By comparing heat
maps obtained under normal and experimental conditions it is possible to infer
what genes are influenced by the condition to be tested for example NP treat-
ment. A recent improvement in global gene expression analysis is the RNAseq
technique, which relies on deep sequencing of RNA transcripts. The main

Figure 9.3 Heat map representing the global
gene expression under different NP exposures.
Genes with a fold change greater than the
established cut-off (e.g., 1.5-fold) generate the
group of genes whose expression is

significantly differentially regulated. The
selected genes are then analyzed by Gene
Ontology mapping for the genes and clusters
(right of the figure). Reprint from [97].
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advantages of RNAseq are the capability to appreciate subtle differences in gene
expression and the great flexibility of the analysis without specie-specific pre-
assembled arrays. Thus, these powerful omics-based approaches enable detec-
tion of the overall response induced by a given nanostressor in a cell or tissue/
organ grade organized systems. The data obtained with these high throughput
approaches with a consistent fold change are, hence, classified through bio-
informatics tools. Gene ontology (GO) (www.geneontology.org/index.shtml) can
be used to classify the output genes according to their function [61], while for
pathway analysis the Ingenuity Pathway Analysis software (IPA_Ingenuity Sys-
tems) and the Database for Annotation, Visualization, and Integrated Discovery
(DAVID) [62] are largely employed (Figure 9.4a). Finally, to employ gene expres-
sion data outputs in regulatory decisions, it is necessary to demonstrate that

Figure 9.4 (a) Cellular network obtained with
the ingenuity pathway analysis (IPA) predictive
tool. To infer the molecular pathways modified
by the NPs treatment, sets of differentially
expressed genes obtained from global expres-
sion analysis are compared by IPA software to
a set of genes involved in known molecular
networks. In the graphical representation of
the relationships between molecules,

molecules are represented as nodes, and the
biological relationship between two nodes is
represented as an edge (line). Modified from
Reference [73]. (b) Venn diagrams showing the
comparison results of three datasets. In this
example, regulated genes after exposure to
either Ag+ or AgNP are shown in comparison
to control or to each other. Results were
extracted from Reference [67].
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mRNA/protein expression profiles are effectively modulated upon exposure at
relevant doses. To date, the application of gene expression profiling in nanotox-
icology has focused on qualitative identification of chemical modes of action and
transcription biomarkers that can predict specific toxicities. Powerful bio-
informatics tools are needed to merge the data coming from global gene expres-
sion analysis to other toxicity endpoints [63]. An example of an in silico tool
employed to compare large data sets obtained under different stimuli (i.e., AgNP
treatment compared to Ag ion, or to untreated samples) is provided by the Venn
diagram, which shows in a graphical manner the number or genes, either upre-
gulated or downregulated, differentially expressed between the diverse condi-
tions (Figure 9.4b). To date, the molecular data available represent a precious
source to help scientists to predict the effect of new materials in specific organs
and tissues. Tables 9.1 and 9.2 summarize several studies performed at molecu-
lar level, analysing the molecular pathways involved in nanoparticle stress and
toxicity, using different type of nanoparticles, experimental models (cultured cell
lines, murine and other small animals) and methodologies (whole-genome
microarray analysis, qRT-PCR). To select articles described in this section, the
PubMed and WEB of Knowledge databases were used. The selection criterion
was the specificity of articles regarding the microarray methodology to study
nanoparticle toxicity, preferably articles published from 2010 onward. Neverthe-
less we reviewed articles from previous years that were suitable for this review.
The keywords used for bibliographic search were the following: nanoparticle
toxicity and gene expression profile excluding gene delivery. Interestingly, based
on the Thomson Reuther web of knowledge (webofknowledge.com – July 2013)
of 7465 records containing nanoparticle toxicity; 4760 contained cell and 1000
contained gene but, of these, 785 articles refer to gene delivery; thus less than
300 articles consider the effects of nanoparticles on gene expression. Several
papers rely on the use of small animal models, underlying the strength of analyz-
ing nanoparticle effects at whole animal level, in the context of cells and organs
physiologically connected, rather than on in vitro cell cultures. Among the
advantages offered by the microarray approach is the possibility to compare
experimental results obtained from different species; this is due to the evolution-
ary conservation of the key gene functions in the animal kingdom. A common
trend emerges on the main molecular pathways modulated by NP exposure,
which is mainly related to the immune/inflammatory response, apoptosis, oxida-
tive stress, metabolic process, cell cycle, ion transport, signal transduction, cell
proliferation, cytoskeleton, and cell differentiation.
Most of the articles reported in the tables address the effects of biocompatible

bare nanoparticle on biological systems. Important issues studied are (i) how to
discriminate the toxicity due to the nanoparticles alone or the ions released from
NPs and (ii) the identification of gene expression hallmark of cell response to
toxic NPs:

1) Ions or nanoparticles? The question of how metal-based nanoparticles
cause toxicity has produced three leading hypotheses. First, NPs may
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undergo rapid dissolution in aqueous environments and toxicity may occur
through exposure to the ions released. Second, the NPs may remain intact
and exert toxicity through a mechanism independent of the metal ion.
Third, the NPs may remain intact, at least in short-term exposures, and
enter the organism as particles. However, once the particles enter the cells,
they dissolve and release ions, which exert toxicity. Several groups have
investigated the possibility of discriminating the toxicity of NPs due to
released ions from the effects due to integral NPs. Silver: Poynton et al.,
using a transcriptomic approach, identified several candidate biomarkers,
and showed that treatment with AgNPs cause different gene expression
profiles compared with AgNO3. These results added further evidence that
AgNP toxicity cannot be completely attributed to the dissolution of the
NPs and release of Ag ions [64]. On the basis of microarray experiments,
Gagnè et al. correlated the toxicity of Ag-based NPs with the toxicity of
ionic equivalent. Their analysis revealed that some genes respond to both
forms of Ag (12%); in addition, they observed 13% of genes that respond
specifically to nano-Ag; finally, 9% of genes respond specifically to dis-
solved Ag (shown by the Venn diagram of Figure 9.4). This study revealed
that the toxicity of nano-Ag and Ag ions relies on different modes of
action. While ionic Ag involves the mobilization of metals and oxidative
stress, nano-Ag involves other pathways, including inflammation and pro-
tein denaturation. The differentially expressed genes represent potential
candidates for understanding and discriminating the fundamental toxicity
of nano-Ag and dissolved Ag [65]. Several authors considered if the pres-
ence of silver ions in silver nanoparticle suspension is of more toxicological
concern than the silver nanoparticles themselves. Notwithstanding the
number of regulated genes upon Ag+ treatment was approximately the
same, as they do not use the same array platform, cell line, and AgNP and
Ag+ concentrations, direct comparison of the results is difficult [66–68].
Cadmium: Cadmium is a well-known toxicant targeting various organs
including the kidney after inhalation. Mechanistic toxicity data point to
oxidative stress, immune cell function alterations, and apoptosis as impor-
tant events associated with cadmium toxicity. Chen et al. performed a
genome-wide gene expression profiling to compare the effect of CdTe
quantum dots and CdCl2 treatment on HEK293 cells; seven genes from
the metallothionein (MT) family were identified as up-regulated genes in
both CdTe QDs and CdCl2 treated cells. The metallothioneins are small,
cysteine-rich heavy metal-binding proteins that participate in an array of
protective stress responses. MT proteins of higher eukaryotes evolved as a
mechanism to regulate zinc levels and distribution within cells and orga-
nisms [69]. Coccini et al. examined the renal response to intratracheal
application of silica nanoparticles containing cadmium as a potential neph-
rotoxic component [70]. Pulmonary administration of a single dose of
these nanoparticles induced remarkable gene expression changes in kid-
ney. The nanoparticle-induced genomic changes showed time-dependent
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differences, apparently reflecting an immuno-inflammatory response in the
acute stage (day 7) and deregulation of apoptotic processes and related
biochemical activities at day 30 post-administration. The genomic altera-
tions induced by Cd-SiNPs were consistent with known biological mecha-
nisms associated with cadmium nephrotoxicity. Several genes among those
modulated by Cd-SiNPs were shown to play important roles in cell activi-
ties that are susceptible targets for cadmium toxicity in living cells [70].

2) Biomarkers of nanotoxicity. Small-animal model organisms are useful in
studies aimed at exploiting concerns about nanoparticle effects on physio-
logical functions as immune response or neurotransmission. Zebrafish
have been used frequently as a model species in human and aquatic toxi-
cology studies. Titanium and fullerenes: Jovanovic et al. investigated the
effects of TiO2 and hydroxylated fullerene nanoparticles on immune and
nervous systems, analyzing transcriptomic pathways at the level of the neu-
roimmunological interface of zebrafish embryos microinjected in the otic
vesicle, which is in close proximity to the brain. Exposure to TiO2 and
hydroxylated fullerenes caused shifts in gene regulation response patterns
that were similar for downregulated genes but different for upregulated
genes. By examining the function of downregulated genes they showed
that the nanoparticle treatment interfered with four areas of organismal
function: circadian rhythm, cell signaling through kinase-related activities,
exocytosis and trafficking of Golgi vesicles, and immune function [71].
Gold: although gold NPs are considered non-toxic the exposure route can
produce different effects on specific organs. Balasubramanian et al., stud-
ied the effects produced by persistent accumulation of gold nano-agglom-
erates, after one i.v. injection or inhalation, on global gene expression. The
studies revealed that the i.v. administration elicited the response of several
genes correlated to cytochrome P450, detoxification, lipid metabolism, cell
cycle, and defense in liver, while the inhalation route produced some
effects on brains genes involved in cytoskeleton and neurite outgrowth [72].
Multiwalled carbon nanotubes (MWCNTs): the fibrous shape and bio-
activity of MWCNTs are similar to those of asbestos, which has been well
characterized with regard to lung disease, and it is hypothesized that
MWCNTs have similar deleterious effects. Snyder-Talkington et al., com-
bining recent advances in studying cell response to external stimuli, per-
formed a systematic analysis of MWCNT-induced cellular signaling and
gene expression in human small airway epithelial cells and suggested
potential prognostic gene signatures for risk assessment. The candidate
genes are involved in ROS production, cellular migration, phosphorylation,
fibrosis, inflammation, and adenocarcinoma [73].

In summary, emerging genome-wide gene expression profiling experiments
are uncovering the possibility of generating a robust molecular database that
would be useful in several contexts such as, for example, translational medicine
and environmental monitoring. This goal will be achieved if the development of
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deep sequencing protocols and equipment parallels the development of software
able to classify, search, retrieve, and simulate biological functions. As gene
expression changes are likely to be more sensitive indicators of potential adverse
effects than traditional measurements of toxicity, the “omics” approach applied
to nano-toxicogenomics will help to answer still open questions such as, for
example, to what extent slightly different NPs elicit different effects in biological
systems or how long the effects last and what are the cellular and organs targets
of NP toxicity.

9.3.3

New Frontiers in Nanotoxicology: Nanomaterials Drive Epigenetic Changes

The word “epigenetics” was originally employed to explain how interactions
between genetic background and environment produce different phenotypes
during development. Recently, the term became narrower and indicates the
study of those heritable changes in gene function/expression that do not reflect
a change in DNA sequence [74]. Broadly speaking, epigenetic mechanisms con-
fer genomic plasticity under exogenous influence and may dictate a cellular
memory allowing for the stable propagation of gene activity states through gen-
erations. Briefly, the most common epigenetic marks include histone variants,
post-translational modifications of amino acids on the amino-terminal tail of
histones, and covalent modifications of DNA bases [75]. In addition, non-coding
RNA (ncRNA) arose recently as a key regulator of mechanisms governing tran-
scriptional and post-transcriptional control of gene expression, shaping the epi-
genetic state of cells [76].
In eukaryotes, the predominant and well-understood epigenetic mark is the

DNA methylation. It involves the addition of a methyl group to the cytosine in
the context of CpG dinucleotide islands to form 5-methylcytosine [77]. When
methylation occurs in the promoter region of a gene, it may impose transcrip-
tional gene repression by preventing the binding of specific transcription factors
or attracting proteins involved in chromatin remodeling, such as histone-modi-
fying enzymes or other repressors of gene expression [78].
Much more complex is the modification pattern of histones, where epigenetic

information is stored by post-translational modifications at well-conserved
amino acid residues of its N- and C-terminal tails. Histone post-translational
modifications include, prevalently, lysine acetylation, arginine and lysine methyl-
ation, serine/threonine and tyrosine phosphorylation, and lysine ubiquitination
and sumoylation [79]. Taken together these marks give rise to the “histone
code” hypothesis, which indicates the patterns of histone post-translational mod-
ifications correlating with distinct chromosomal states that regulate access to
DNA [80].
Chromatin remodeling and DNA methylation are tightly regulated processes,

where the major players are enzymes involved in adding or removing methyl or
acetyl groups to DNA or histones: DNA methyl-transferases (DNMT), histone
methyl-transferases (HMT), histone acetyl-transferases (HAT), and histone
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deacetylases (HDAC). Making more attractive the intricate network of epige-
netics regulation is the emerging role of ncRNAs, or functional RNAs, including
microRNAs (miRNAs). Such a class of functional biomolecules consists of short
non-coding RNAs, 18–25 nucleotides long, able to orchestrate straight the epi-
genetic instruction for DNA methylation and histone modification in animals
and plants.
Owing to the outstanding role that epigenetics can play in controlling gene

expression, there is growing interest in gaining knowledge of its contribution to
human development and diseases. In fact, aberrant patterns of DNA methylation
and histone modifications have been correlated to congenital anomalies and
pediatric symptoms or predispose people to various cancers, leukemia, cardio-
vascular, neurodegenerative and neuropsychiatric disorders, atherosclerosis, and
others [81]. Notably, recent epidemiological and animal experimental findings
show that environmental factors mostly influence epigenetic pathways, confirm-
ing the role of environmental epigenetics in disease susceptibility [82]. In partic-
ular, it has been broadly documented that epigenetic instruction may mediate
specific mechanisms of toxicity and respond to certain chemicals. Although
mechanisms of action are only marginally understood for many toxicants, an
increasing body of evidence suggests that common environmental stressors,
such as metals (cadmium, arsenic, nickel, chromium), particulate matter, and
benzene, severely perturb the global epigenetic state [83]. In addition, epigenetic
changes accumulate and develop over the years, making it difficult to determine
the cause–effect relationships among environmental factors, epigenetic marks,
and relative diseases.
Because of their chemical composition and nanoscale size, nanoparticles

have the potential to affect the epigenetic program of cells, hazardously con-
ferring functional and inheritable modifications. Therefore, along with the
well-established nanotoxicological evaluations, current and future use of nano-
particles in human activities urges an accurate screening for epigenetic
changes. Herein, we review the potential effects of nanomaterials on epigenetic
mechanisms, as derived from a handful of experimental evidence obtained so
far (Figure 9.5).
In a pioneering experiment, Choi and coworkers investigated the effects of

CdTe QDs on chromatin state and relative modifications [37]. Besides an exten-
sive chromatin condensation, they reported a consistent reduction of histone
acetylation, histone methylation, and DNA methylation in breast cancer cells
treated with QDs for 24 h. They also proved that QD-mediated hypoacetylation
can be reversed using trichostatin A, a histone deacetylase inhibitor, which
increases the global levels of acetylated histones. Finally, these epigenetic modifi-
cations were associated with critical changes in gene expression: cytoprotective
genes such as glutathione peroxidase and heat shock protein 70 were downregu-
lated, while pro-apoptotic genes (Bax, PUMa, and Noxa) were transcriptionally
activated. Overall, a wealth of data suggests that QD toxicity is a consequence of
cadmium residing in the QD core [84,85]. In the absence of an appropriate coat-
ing, cadmium may be released from QDs and exert its toxicological and
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carcinogenic potential [86,87]. Free cadmium inhibits DNMTs’ activities in a
non-competitive manner relative to DNA substrate, while prolonged exposure
(10 weeks) seems to result in DNA hypermethylation and enhanced DNA meth-
yltransferase activity [88]. Therefore, epigenetic changes caused by Cd-contain-
ing QDs might be attributed to the release of Cd ions from the NP core.
However, additional evidence indicates that CdTe QDs enter cell nuclei rapidly
and possess a particular tropism to core histone proteins [89], suggesting a
potential functional interaction at the nanoscale level with chromatin structure.
CdTe QDs also affect the global miRNA expression pattern in NIH/3T3

cells [90]. In particular, deep sequencing analysis revealed that QDs drastically
change the expression levels of miRNAs, deregulating both miRNA biogenesis
and maturation. In particular, CdTe QD exposure elicits the upregulation of

Figure 9.5 Schematic illustration of the epi-
genetic effects that NP may infer once inter-
acting with nucleic acids. During transcription,
structural changes occur to DNA, switching
from the condensed (eterochromatin) to the
opened conformation (euchromatin), which
becomes the substrate for transcription

machinery. During this process, post-transla-
tional modifications of amino acids on the
amino-terminal tail of histones (i.e., histone
acetylation) may generate histone variants.
Other common epigenetic marks include
covalent modifications of DNA bases (i.e.,
methylation).
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miR-34 s together with an increase in the protein level of p53 transcription fac-
tor, which acts as miRNA-34 transactivator and, overall, coordinates cellular
responses to stresses such as DNA damage and oncogene activation. Interest-
ingly, p53-mediated miR-34 activation is a well-known mechanism able to exten-
sively reprogram gene expression profiling and to promote apoptosis after
exogenous insults [91]. According to experimental evidences, CdTe QDs gain
miRNA34/p53 pattern, which represents one of the possible molecular mecha-
nisms leading apoptosis in cells exposed to QDs.
Global DNA hypomethylation was also observed in human keratinocytes cell

line (HaCaT) exposed to nano- (15 nm) and micro-sized (1–5 μm) SiO2 [92]. In
particular, the authors demonstrated that the DNA methylation level decreased
according to increasing NP doses. They further examined the mRNA expression
level of DNA methyl-transferases (DNMT1 and DNMT3) and methyl-CpG
binding protein 2 (MDB2), reporting a gradual reduction of their transcript and
protein levels in a NP dose-dependent manner. In a subsequent study the
authors, by using the same nanomaterials, described the NP effects on an epige-
netic regulatory mechanism of poly(ADP-ribose) polymerase (PARP-1) [93].
PARP-1 is a well-described enzyme that is involved in DNA damage repair,
maintenance of chromosome stability, and chromatin remodeling [94]. In
HaCaT cells treated with SiO2 NPs, PARP-1 expression was significantly inhib-
ited and this transcriptional repression was dictated by methylation at specific
CpG sites of the PARP1 promoter region. Notably, PARP-1 expression in SiO2

NP treated HaCaT was partially restored by demethylating agent and DNMT1
knock-down, confirming that NP-induced methylation of the PARP-1 promoter
was responsible for its down-regulation.
Recently, it has been observed that gold nanoparticle (AuNP) exposure modi-

fies the epigenetic state of human lung fibroblasts in vitro [95]. Specifically,
AuNPs induce the up-regulation of miR-155 concomitant with down-regulation
of ten other genes. Ng and collaborators also proved that miR-155 might directly
regulate the expression of Pros1, one of the repressed transcripts identified in
their analysis. This gene encodes for Protein S, an important anticoagulant pro-
tein, whose deficiency is a risk factor for the development of deep venous throm-
bosis [96]. Beside the activation of miR-155, an abnormal condensation of
nuclear chromatin was observed in response to AuNPs, indicating that these
nanoparticles may severely undermine MRC5 human fetal fibroblast viability.
What emerges clearly from current literature is the lack of an adequate num-

ber of in vitro and in vivo studies focused on molecular changes (genomic, tran-
scriptional, and epigenetic) induced by nanoparticle exposure. Whereas early
in vitro investigations in this field reveal that nanostressors trigger molecular
pathways that might go far beyond classic stress responses, very little is known
regarding the consequences of these alterations in vivo both on the treated ani-
mal and on its progeny. Novel methods and model organisms are now becoming
available to investigate the relevance of these phenomena in vivo, and to treat
the heritable traits of the nanotoxicity, thus providing necessary information for
proper risk assessment.
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