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Assessing inorganic nanoparticle toxicity through
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In the last two decades, the development of nanotechnology has resulted in inorganic nanoparticles
playing crucial roles in key industries, ranging from healthcare to energy technologies. For instance, gold
and silver nanoparticles are widely used in rapid COVID-19 and flu tests, titania and zinc oxide nano-
particles are commonly found in cosmetic products, and superparamagnetic iron oxide nanoparticles
have been clinically exploited as contrast agents and anti-anemia medicines. As a result, human exposure
to nanomaterials is continuously increasing, raising concerns about their potential adverse health effects.
Historically, the study of nanoparticle toxicity has largely relied on macroscopic observations obtained in
different in vitro and in vivo models, resulting in readouts such as median lethal dose, biodistribution
profile, and/or histopathological assessment. In recent years, omics methodologies, including transcrip-
tomics, epigenomics, proteomics, metabolomics, and lipidomics, are increasingly used to characterize
the biological interactions of nanomaterials, providing a better and broader understanding of their impact
and mechanisms of toxicity. These approaches have been able to identify important genes and gene pro-
ducts that mediate toxicological effects, as well as endogenous functions and pathways dysregulated by
nanoparticles. Omics methods improve our understanding of nanoparticle biology, and unravel mechan-
istic insights into nanomedicine-based therapies. This review aims to provide a deeper understanding and
new perspectives of omics approaches to characterize the toxicity and biological interactions of inorganic
nanoparticles, and improve the safety of nanoparticle applications.

Epidemiological data have demonstrated the harmful con-
sequences of airborne ultrafine particles on human health,*’

In the last few decades, the rise of nanotechnology has
sparked important transformations across various fields,
including medicine, materials science, energy, and environ-
mental sciences."”” Nanomaterials, with their unique physico-
chemical properties and large surface-to-volume ratios, exhibit
significantly different biological activities and endogenous
behaviors compared to bulk materials. These differences have
led to the widespread application of nanomedicine in (pre)
clinical settings, such as drug delivery, imaging, and
diagnostics.®”> While this extensive use of nanotechnology has
benefited multiple fields, it has also increased human
exposure to nanoparticles, raising concerns about potential
adverse health effects.
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a finding further corroborated by animal exposure studies.®
The toxicity of metal and metal oxide nanoparticles is particu-
larly relevant to human health due to their extended residence
time and minimal degradation and excretion upon internal
exposure.” Studies indicate that specific physicochemical pro-
perties of nanomaterials, such as particle size, shape, surface
charge, chemical composition, and colloidal stability, play a
crucial role in defining their nano-bio interactions and poten-
tial toxicity.'"* Moreover, due to their unique characteristics
and interactions within biological systems, nanoparticles can
circulate in the bloodstream," and get deposited in multiple
organs, including the liver, lungs, spleen, and kidneys,
causing non-localized toxicity."

Conventional in vitro testing predominantly employs cell-
based assays with phenotypic readout parameters, focusing on
membrane integrity, apoptosis, cell morphology, and prolifer-
ation."® While these methods can provide an overview of tox-
icity, such as the determination of half-maximal inhibitory
concentrations (IC50), they do not provide mechanistic
insights into the effects of the nanoparticles or the responses
of the organism to the exposures.'*

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Flow of molecular information within biological systems, and the different omics techniques that can characterize it. Adapted with per-

mission of ref. 20. Copyright Elsevier 2020.

As toxicological assessments advance, the application of
omics technologies, such as genomics, transcriptomics, pro-
teomics, and metabolomics (including lipidomics), have
emerged as new approaches to gain mechanistic insights into
complex interaction mechanisms within biological systems
(Fig. 1)."°™ Research using these technologies has identified
key targets and biomarkers associated with nanomaterial tox-
icity, such as those related to oxidative stress and inflamma-
tory gene activation.”*>® Furthermore, in addition to providing
mechanistic information, omics approaches are also less sensi-
tive to nanoparticle interferences during the screening
readout, which is a common issue with traditional toxicologi-
cal in vitro assays due to the inherent characteristics of nano-
particles, which can display strong color, fluorescence, chemi-
cal activity, and light scattering.””

Taken together, understanding the potential toxicity of
nanomaterials, and especially their impact on key organs,
requires a comprehensive analysis of their biological activities
and interactions. The use of advanced toxicity testing tech-
niques, particularly omics-based approaches, facilitates a more
comprehensive assessment of nanomaterial safety. This review
article summarizes the various approaches, methods, advan-
tages, and limitations of using omics approaches to assess the
toxicity of key inorganic nanoparticles, to elucidate their tox-
icity mechanisms (or lack thereof) and to ensure their safe
application in different fields.

2. Omics techniques

In toxicology, omics are used to interpret the response of an
organism to an external substance by pooling biomolecules
(e.g. DNA, RNA, proteins, and lipids). These profiling tech-
niques are then used to elucidate the molecular mechanisms
that result in toxicity. In this section, we provide an overview of
the different omics approaches used in the field of toxicology,
highlighting the information that is more relevant to the study
of nanoparticle toxicity (Fig. S1t). We refer the reader to more

This journal is © The Royal Society of Chemistry 2024

specific literature for a more in-depth description of the dis-
tinct omics techniques available.®

2.1. Genomics and transcriptomics

Genomics and transcriptomics are disciplines that seek to
understand the composition, structure, and function of
genetic material, providing insights into gene expression pat-
terns and regulatory mechanisms.>**° The distinction lies in
genomics focusing on the comprehensive study of an organ-
ism’s genome, while transcriptomics specifically examines sets
of RNA transcribed from the genome."*>°

Transcriptomics, focused on genome-wide RNA levels, has
evolved considerably with the development of approaches
such as DNA microarrays, reverse transcription-quantitative
real-time polymerase chain reaction (RT-qPCR), and next-
generation sequencing (NGS) based RNA sequencing (RNA-
seq).”"*? Transcriptomics can unveil the complex responses
of organisms to environmental exposures by profiling gene
expression.*® Moreover, transcriptomics also enables the
examination of short non-coding RNAs, which have
emerged as potential biomarkers or therapeutic targets due
to their dysregulation in diseases.**® Genomics employs
genotype arrays,”’ exome sequencing,’® and NGS of
genomic DNA, among others,*® to discern genetic factors
linked to diseases, treatment responses, and future patient
prognoses.***!

Taken together, genomic and transcriptomic profiling can
assess the impact of nanomaterial exposures on organisms by
reveling changes in the genome and gene expression patterns,
providing a comprehensive evaluation of adverse effects and
molecular mechanisms associated with nanoparticle exposure
and toxicity.

2.2. Epigenomics

Epigenomics investigates reversible modifications of the DNA
or DNA-associated proteins, known as epigenetic modifi-
cations.”” These alterations, including DNA methylation and
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histone acetylation, serve as regulators of gene transcription
(and, consequently, cellular fate), and are governed by a
complex interplay of genetic and environmental factors.*’
Furthermore, there is increasing evidence that suggests that
the harmful effects of environmental stressors (including
those with nanoparticle form), such as smoking, air pollution,
and endocrine disruptors, are mediated via epigenetic mecha-
nisms,** even in prenatal exposures.*’

Epigenetic modifications can be identified with multiple
technologies, including DNA methylation and histone modifi-
cation assays, as well as DNA microarrays.’® As researchers
delve into the intersection of epigenomics and nanotoxicology,
they are able to understand to what extent nanoparticles (and
other nanomaterials) can induced epigenetic modifications,
contributing to a more nuanced understanding of the toxico-
logical impact of nanomaterials at the epigenomic level.

2.3. Proteomics

Proteomics focuses on the comprehensive study of proteins
within biological systems, including protein abundance, modi-
fications, and interactions,” which can be later used to
discern the cytotoxic effects of a toxicant or toxin or the
response of organisms to chemicals.*®*° Proteomics is primar-
ily explored with mass spectrometry (MS) techniques, which
can enable high-throughput analysis of thousands of proteins
in complex mixtures.”® For screening of samples with a
smaller number of proteins, antibody microarrays can also be
used.”® Other proteomics methods include phage display’>
and yeast two-hybrid assays®® which focus on identifying
protein interactions. Understanding post-translational modifi-
cations is also a key focus of proteomics since they have key
roles in signaling, enzyme control, turnover, and cellular struc-
ture.>® For instance, ongoing efforts target genome-level post-
translational modification analyses, which exploit techniques
such as two-dimensional electrophoresis,* fluorescence/stable
isotope labeling,’® and various MS approaches.’”

Proteomics techniques are also commonly used to character-
ize the impact of biological environments on the nanoparticles,
such as the formation of protein corona. This is a shell made by
a mixture of environmental proteins that get adsorbed on nano-
particle surfaces when these are exposed to biological media,
changing their physicochemical properties and biological
impact.>® Proteomics studies have identified that nanoparticle
features, such as material composition, particle size, and
surface charge, strongly affect the protein corona formation and
composition.>*®> These findings are relevant since some
studies found that nanoparticles with protein corona have gen-
erally less cytotoxicity compared to those without corona.®®*™®> In
the context of nanoparticle toxicology, proteomics stands as a
key tool, providing crucial insights into cellular responses and
contributing to advances in our understanding of the intricate
interplay between nanoparticles and biological systems.

2.4. Metabolomics

Metabolomics focuses on unraveling phenotypic changes
induced by chemicals or toxicants through the measurement
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of alterations in carbohydrate, lipid, and amino acid patterns,
among others. Unlike organism-specific transcriptomics and
proteomics, metabolomics lacks a fixed code and encompasses
the entire metabolome, analyzed either extracellularly
(footprint) or intracellularly (fingerprint).°® The workflow
involves the separation, enrichment, and quantification of
metabolites with nuclear magnetic resonance (NMR) or MS
approaches. On the one hand, NMR is known for its reliability
in detecting various metabolites,®”®® however, it has limited
sensitivity and, usually, it can only identify fewer than
100 metabolites.®*”® On the other hand, MS-based techniques
display higher sensitivity and can quantify hundreds to
thousands of metabolites. MS is commonly combined with
either gas chromatography (GC) or liquid chromatography
(LC) for metabolite separation before identification and
quantification.”"””® Nevertheless, MS techniques can be costly,
require complex sample preparation (e.g. tissue extraction),
and provide average reproducibility.

Due to the wide variety of potential analytes, metabolomics
analyses face several challenges, such as being able to cover
broad concentration ranges during the screenings.
Furthermore, because metabolites can display rather different
chemical structures, their analysis may require the use of
different detection techniques.®® Despite these challenges, the
field can provide valuable insights into metabolite functions,
being particularly well-suited for toxicological studies.

2.5. Lipidomics
Lipidomics is a specialized branch of metabolomics that
encompasses membrane-lipidomics and mediator-lipido-
mics.?® The former involves the characterization of membrane
lipid constituents and their structural aspects, while the latter
concentrates on the quantification of low-abundance bioactive
lipid species. This dynamic field extensively examines individ-
ual lipids and lipid-derived species, delving into their struc-
ture, function, and interactions with cellular components such
as proteins, other lipids, and metabolites.”* Research in lipido-
mics spans diverse biochemical domains, exploring health
and disease conditions across various organs, biological
tissues, individual cells, and biofluids.””
Ultrahigh-performance liquid chromatography-mass spec-
trometry (UHPLC-MS)’® is a pivotal tool in lipidomics research,
facilitating the rapid and precise lipid profiling in diverse bio-
logical samples, which is essential for uncovering disease-
related alterations, identifying biomarkers, and studying the
impact of nanomaterials on lipid composition and toxicity.®””

3. Toxicity of noble metal
nanoparticles

Noble metal nanoparticles are among the most widely used
nanomaterials, with applications in multiple fields ranging
from healthcare to catalysis.”*®' Noble metal nanoparticles
hold localized surface plasmon resonances (i.e. collective oscil-
lation of their conduction electrons), which yield unique opto-

This journal is © The Royal Society of Chemistry 2024
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electronic properties.®”®* These plasmon resonances can be
tuned by the size and shape of the nanocrystals, and result in
strong extinction coefficients, near-field enhancements, and
the generation of hot electrons and local heat upon light
irradiation. The strong optical properties are commonly used
in biosensing (e.g. rapid COVID-19 and flu tests),®* the near-
field enhancements are applied in enhanced spectroscopy,®
the hot-electron generation are exploited in catalysis and semi-
conductor doping,®*"®® and the local heat generation is clini-
cally being investigated in photothermal ablation of prostate
cancer,> and is preclinically used for photoacoustic
imaging.’>®" Furthermore, some metal noble nanoparticles
are commonly used as antibacterial agents.”*°* As a result,
human exposure to these nanoparticles is increasing over time
and needs to be thoroughly understood.

3.1. Toxicity of silver nanoparticles (AgNPs)

Due to their unique physicochemical features, which result in
strong optical properties and antibacterial effects (among
others), AgNPs are commonly used in a wide range of commer-
cial products, ranging from rapid antigen tests (e.g. COVID
and flu tests)*>°® to antibacterial materials.”” The growing use
of AgNPs in multiple industries has increased human exposure
to these nanoparticles. Hence, a deep understanding of their
biological impact is necessary to minimize potential adverse
health effects that may originate from their use. It is worth
pointing out that ionic and colloidal silver is used as antibac-
terial agent, especially in burned patients, and silver overload
(argyria) is generally considered non-(severely) toxic.”® Hence,
a key question in nanotoxicity that needs to be solved is
whether AgNPs behave differently.

3.1.1. Skin toxicity of AgNPs. Given that the skin represents
one of the primary routes of exposure to nanoparticles,”
several studies have been conducted to understand the toxicity
of AgNPs in different skin models. An early study explored the
toxicity of 20 nm bare AgNPs in human dermal fibroblasts
fetal (HDFs) using DNA microarrays and RT-PCR.'® The
authors inferred based on gene expression that AgNPs dis-
rupted the cytoskeleton, cellular membrane, and energy
metabolism. Furthermore, the nanoparticles also caused DNA
damage with cell cycle arrest. These conclusions were further
corroborated by a follow-up study that combined proteomics
with transcriptomics to analyze AgNP toxicity (in a concen-
tration range between 0 and 100 mg mL™') in HDFs and
inferred based on genomic data that treatments with AgNPs
disrupted the cytoskeleton, ATP synthesis, and apoptosis.'*!
These observations were validated by qualitative cytoskeleton
observations and ATP quantification analysis. Transcriptomics
profiling identified the dysregulation of key miRNAs that are
involved in cytoskeleton dynamics, such as miR-30a and
miR-20a. Furthermore, proteomic analysis highlighted pro-
teins involved in the regulation of actin cytoskeleton and the
signaling of hepatocyte growth factor receptor pathways.
Hence, the multi-omics data collectively suggested that AgNPs
induced damage to the HDF cytoskeleton. Other mRNAs and
proteins associated with the MAPK signaling pathway, which is

This journal is © The Royal Society of Chemistry 2024
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fundamental in apoptosis regulation, were also strongly
affected by the AgNP treatments, indicating that the silver col-
loids might induce apoptosis through the alteration of this
pathway. Overall this study highlighted the complexity behind
the mechanisms of toxicity associated with bare AgNPs in
HDFs. Interestingly, a third study that employed nuclear NMR
metabolomics in HaCaT cells (human skin keratinocytes)
identified that the dysregulation of the different metabolic
pathways could be either mediated or independent of reactive
oxygen species.'®> Hence, only in the presence of agents that
produce reactive oxygen species, such as hydrogen peroxide,
exposures to AgNPs downregulated glycolysis, while the impact
of silver colloids on other metabolic pathways, such as gluta-
minolysis and the Krebs cycle, was independent of reactive
oxygen species.

Taken together, these studies with different in vitro skin
models indicate that exposures to AgNPs seem to disrupt the
cytoskeleton and metabolism (including ATP production), and
induce apoptosis through the dysregulation of key biological
pathways, such as MAPK signaling pathway.

3.1.2. Pulmonary toxicity of AgNPs. Due to their small size
and ease of getting suspended in air, inhalation is another
main route of exposure to nanoparticles and a source of poten-
tial toxicity.'®*'®* For example, a pioneer study compared the
toxicity of AgNPs and silver ions in 2D cell cultures of lung epi-
thelial (A459) cells via toxicogenomics.'” Interestingly, AgNPs
dysregulated a greater number of genes compared to silver
ions. The authors hypothesized that the greater damage
caused by AgNPs was due to their higher uptake via endocyto-
sis. Downregulation of key cell cycle genes was observed after
AgNP exposures, suggesting their direct interaction with cell
cycle-related proteins. Moreover, flow cytometric analysis indi-
cated an increase in S (DNA synthesis) and G2/M (cell growth)
cell cycle phases after AgNP exposures, but not with silver ion
treatments, suggesting that AgNPs had a more complex effect
on cells compared to silver ions. Another study, following up
on the biological effect of AgNPs in lung epithelial cells,
assessed the impact of nanoparticle size on toxicity.'°® The
study found that 100 nm AgNPs did not exhibit cellular tox-
icity, while 5 nm AgNPs led to an increase in the expression of
interleukin-11 and stress-related genes, ultimately resulting in
cellular toxicity, likely as a result of their higher uptake due to
their smaller size and higher surface-to-volume ratios. This
observation highlighted the size-dependent effects of AgNPs
on lung epithelial cells, with smaller nanoparticles showing
more adverse effects.

3.1.3. Hepatotoxicity of AgNPs. Upon systemic adminis-
tration, nanoparticles circulate through the bloodstream and
passively accumulate in well-perfused tissues that are rich in
phagocytes.®»'®” Those are (tend to be) characteristics of
pathological tissues, such as tumors and inflammation sites,
but also of fenestrated organs, such as the liver and spleen. As
a consequence, a large proportion of nanoparticles intra-
venously administered tend to accumulate in the liver, interact-
ing with different hepatic cell populations depending on the
nanoparticle characteristics.'®® Consequently, the toxicities of
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different nanoparticle types, including AgNPs, have been
studied in different hepatic models. For example, similarly to
the results observed in lung epithelial cells, a comparative toxi-
cogenomic study between AgNPs and Ag,CO; in HepG, human
hepatocarcinoma 2D cell cultures reported that AgNPs with
sizes between 7 and 10 nm and coated with polyethylenimine
exhibited substantial cytotoxicity at high doses (>1.0 mg L),
while Ag,CO; had no measurable effects at the same tested
doses.'® The AgNPs also induced irregular cell shapes and the
formation of micronucleus, suggesting chromosomal damage
by AgNPs compared to the silver salt treatments. It is worth
noting, however, that toxicity studies strongly depend on the
model used. For instance, a proteomic study using common
carp as a model organism identified that both AgNPs and
AgNO; induced mitochondrial toxicity in the gills through the
dysregulation of different proteins, including 39S ribosomal
protein L4, L22, L43 and 28S ribosomal protein S22, S29
(Fig. 2A-C)."'° These differences highlight the model-depen-
dent nature of toxicity studies and the need to consider
various factors when interpreting the results. Nevertheless,
more studies suggest that AgNPs and silver ions interact differ-
ently with endogenous targets, leading to the dysregulation of
distinct pathways and biological functions. For example, in a
toxicogenomic study using RNA-Seq of human hepatocellular
carcinoma cells, it was observed that AgNO; affected various
pathways related to DNA damage and the cell cycle.*'" In con-
trast, AgNPs disrupted pathways associated with cell regu-
lation, survival, and the development of diseases like liver
fibrosis and tumors. These consistent patterns suggest that
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AgNPs and silver ions have unique interactions with biological
systems, leading to distinct outcomes in different models.

Another study employed a shotgun tandem MS approach to
assess the impact of 92 nm AgNPs (coating not reported) on
human hepatoma (HepG2) cells.”” Their main conclusion was
that treatments with AgNPs resulted in substantial alterations
in a wide variety of phosphatidylcholine species. This obser-
vation suggested that the toxicity induced by nanoparticles pri-
marily arose from inflammatory processes. It is essential to
note, however, that these studies were conducted in liver
cancer cells and the toxicogenomic information acquired in
these studies may not be entirely applicable to a healthy liver.
To date, toxicogenomic studies that use primary cells are extre-
mely rare and most in vitro toxicity studies rely on pathological
cells.

3.1.4. Toxicity of AgNPs in the digestive system. In addition
to inhalation, exposure to bare skin, and systemic adminis-
tration, another potential exposure route to nanoparticles is
ingestion and absorption through the gastric system.
Consequently, several studies have assessed the toxicity of
AgNPs in different digestive system models. For instance, a
proteomics study explored the toxicity of 30 nm citrate-coated
AgNPs in adenocarcinoma CaCo-2 cells using 2D gel and MS.
Based on the proteomics data, the authors inferred that the
AgNP treatments led to alterations in several key biological
processes, including cell cycle, cell morphology, cellular func-
tion, and maintenance.'*?

Beyond its role in food digestion and nutrient extraction,
the digestive system also acts as a host environment to a wide
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Fig. 2 Toxicological effects of AgNPs and PdNPs. Comparison between the toxicological effects of AgNPs and silver nitrate (AgNO3) in gills of
common carp, including (A) principal component analysis, (B) Venn diagrams plot, and (C) hierarchical clustering of different dysregulated proteins.
The hierarchical clustering also includes the functional labels associated with the dysregulated proteins. Adapted with permission of ref. 110.
Copyright Elsevier 2022. Functional groups associated with (D) down- and (E) up-regulated genes by PdNP treatments in human ovarian cancer
cells. Adapted with permission of ref. 141. Copyright MDPI (Basel, Switzerland) 2019.
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range of microorganisms, including bacteria, archaea, fungi,
and viruses, which have a broad impact in many health-related
functions, such as resistance to pathogens, metabolism of
dietary and pharmaceutical compounds, and control of the
immune system, among others.'***!* Therefore, the ingestion
of nanoparticles has the potential to also disrupt the normal
functioning of the gut microbiota. In this context, a recent
transcriptomics study, which involved RNA-Seq and RT-PCR,
assessed the in vivo effects of AgNPs on the transcriptome and
gut microbiota."> Notably, the AgNP treatments induced
immunotoxicological changes at both the molecular and
microbiome levels, which were associated with stress and
colon inflammation.

3.1.5. Teratogenic toxicity of AgNPs. As a response to the
concerns surrounding the potential toxicity of chemicals
during pregnancy and embryo development, several studies
have investigated the impact of AgNPs on various embryo
models. For example, a toxicogenomic study using DNA arrays
in zebrafish embryos at 24 hours post-fertilization observed
that AgNPs disrupted erythropoiesis primarily due to the nano-
particle structure since silver ions under the same conditions
had low toxicological impact."'® Another toxicogenomic study,
which explored AgNP toxicity in zebrafish embryos via RNA-
seq, revealed that AgNPs induced oxidative stress and mito-
chondrial dysfunction, contributing to embryonic developmen-
tal toxicity, further corroborating the potential risks associated
with AgNP exposures during embryonic development.'”

3.2. Toxicity of gold nanoparticles (AuNPs)

AuNPs are nanomaterials with unique optoelectronic pro-
perties, which originate from localized surface plasmon reso-
nances.’'® These properties depend on the size and mor-
phology of the nanoparticles,"**"***> and result in strong extinc-
tion coefficients, intense near-field enhancements, and large
photothermal conversion effects.'*® As a result, AUNPs are
commonly used in rapid antigen tests for COVID-19 and flu
diagnosis and are being (pre)clinically explored in multiple
biosensing assays’® and therapeutic/theranostic formula-
tions.®>***12% Furthermore, the light-excitation of the localized
surface plasmon resonances results in the generation of hot
electrons, which can be exploited for catalysis and doping of
semiconductors.'®® The ever-growing use of AuUNPs requires a
deep understanding of their biological impact to ensure their
safety.

Although their toxicological profile has not been as
thoroughly studied through omics approaches as in the case
of AgNPs, there are a couple of toxicomics studies focused on
AuNPs that are worth mentioning. One study compared the
toxicological profile of AuNPs and AgNPs on human dermal
fibroblasts using RNA-Seq and RT-PCR.'> Notably, at
200 pM, AuNPs were not cytotoxic, despite dysregulating the
expression of mRNAs associated with cell cycle, ATP synthesis
inhibition, cytoskeleton, and apoptosis. In contrast, AgNPs
did cause significant cytotoxicity due to the generation of
larger amounts of reactive oxygen species in comparison to
AuNPs.

This journal is © The Royal Society of Chemistry 2024
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As previously mentioned, several gold nanoformulations
are currently being explored in clinical studies.®® A therapeutic
approach that relies on AuNPs is photothermal therapy, where
solid tumors and atherosclerosis plaques are ablated via the
high photothermal conversion efficiency of AuNPs, which con-
centrate the thermal ablation effect only on the surroundings
of the irradiated nanoparticles, providing good therapeutic
selectivity. While many preclinical and a few clinical studies
have explored the therapeutic benefits of AuNP-based photo-
thermal therapy, only a few have focused on the underlying
biological mechanisms. A noteworthy exception is a study
where high-resolution LC-MS was used to characterize the
impact of photothermal therapy with gold nanorods (AuNRs)
on lung cancer cells (A549)."® AuNRs are nanocrystals that
absorb light in the near-infrared,"”*""** where light penetrates
deeper into the tissue.'**> The metabolomic data indicated that
AuNR-based photothermal treatment exerted toxicity by dysre-
gulating metabolites that contained 18-hydroxyoleate, beta-ala-
nopine and cis-9,10-epoxystearic acid, and phosphorylcho-
line."*® Several key metabolic pathways were also affected by
the photothermal therapy, including those associated with
cutin, suberine, and wax biosynthesis, pyruvate and glutamic
acid synthesis, and choline metabolism. Taken together, this
approach provides a deeper understanding of the mechanisms
behind treatment-related cytotoxicity, complementing the con-
ventional focus on macroscopic nanoparticle toxicity.

3.3. Toxicity of palladium nanoparticles (PdNPs)

Despite its high material costs, palladium is commonly used as
a catalytic material. When the size of bulk palladium is reduced
to the nanoscale, its catalytic activity is enhanced because of the
higher surface-to-volume ratio of the nanoparticles. Hence,
PdNPs hold significant importance in organic synthesis (e.g
catalyzing carbon-carbon bond forming reactions, such as
Suzuki or Heck couplings),’*® in the degradation of harmful
substances in environmental applications,"** and in conducting
materials and printed electronic devices."*® Furthermore,
PANPs may play an important role in hydrogen storage and
generation,"® which is vital for the development of hydrogen
energy technology. Additionally, PANPs display strong photo-
thermal capabilities being preclinically used in photoacoustic
imaging’®”7**° and photothermal therapy.'*°

In the field of nanotoxicology, various studies have explored
the effects of PANPs using omics approaches. For instance,
one study employed transcriptomics (via RNA-Seq) to analyze
the impact of PANPs on human ovarian cancer cells (SKOV3)
(Fig. 2D)."*! The study reported that PANPs primarily downre-
gulated genes associated with nucleosome assembly, telomere
organization, and DNA chromatin silencing. Among these pro-
cesses, nucleosome assembly was the most significantly
affected. Furthermore, RNA-seq analysis also demonstrated
that the PANP treatments triggered epigenetic changes that
were associated with cell apoptosis. Another transcriptomics
study investigated the accumulation of Pd-doped polystyrene
nanoparticles in earthworms and its toxic effects.'*> The study
revealed that both positively and negatively surface-charged
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nanoparticles could accumulate and move within earthworms,
leading to growth inhibition and pathological abnormalities.
Positively charged nanoparticles exhibited higher cytotoxicity,
likely due to their propensity to form larger aggregations at
lower pH, facilitating cellular uptake and apoptosis induction.
Gene expression analysis highlighted a more significant impact
of positively charged nanoparticles compared to negatively
charged ones in both low-dose (0.3 mg kg™!) and high-dose
(3 mg kg ') treatments. Additionally, a proteomics study using
western blot techniques identified that PdNPs inhibit cell
growth in various cell lines (e.g. Rat-1 rat embryo fibroblasts,
CaCo-2 colon adenocarcinoma cells, and HaCaT keratinocyte
cells), induce DNA damage, and impact the expression of key
cell cycle regulatory proteins, all without triggering apoptosis or
oxidative stress.'*® These studies collectively contribute to a
better understanding of the biological impact (in different bio-
logical systems) of PANPs, which are numerous and diverse.

3.4. Toxicity of tungsten nanoparticles (WNPs)

Compared to their gold and silver counterparts, WNPs have
relatively fewer uses. However, as a result of recent advances in
industrial technologies combined with tungsten’s high plas-
ticity, high melting point, and electron emission ability, WNPs
and their derivatives have found niche applications in elec-
tronics,"** and coatings and films,"* as well as in the nuclear
industry.’*® Regarding their toxicity, a transcriptomics study
assessed the biological impact of tungsten boride nano-
particles (WBNPs) in HPAEpiC cells (human lung alveolar epi-
thelial cells).’*” The study concluded that WBNPs can modu-
late cytokine/chemokine metabolism, affect angiogenesis, and
impede migration/invasion of cancer cells by activating
specific genes, such as DACH1, COL3A1, and FOS.

3.5. Toxicity of platinum nanoparticles (PtNPs)

In recent years, PtNPs have been increasingly explored in the
chemical industry and automotive sector due to their catalytic
features.'**'>> Additionally, PtNPs have found some appli-
cations in the (preclinical) biomedical field, serving as diag-
nostic mediators, components of medical implants, drug deliv-
ery vehicles, and agents for photothermal therapy.'>*"**
Regarding their toxicity, a transcriptomics study evaluated
the biological impact of anisotropic lycopene-derived PtNPs on
human acute monocytic leukemia (THP-1) cells.>® The study
found that PtNPs (in a concentration range between 0 and
12 mM) induced dose-dependent cytotoxicity, oxidative stress,
and apoptosis. The underlying mechanisms of toxicity were
primarily associated with changes in gene expression related
to protein misfolding, mitochondrial function, protein syn-
thesis, inflammatory response, and transcriptional regulation.

4. Toxicity of metal oxide
nanoparticles

Metal oxide nanoparticles are a heterogeneous group of nano-
crystals that are widely produced and used because of their

15934 | Nanoscale, 2024, 16,15928-15945

View Article Online

Nanoscale

unique electronic, magnetic, and/or chemical properties.">®
Some of the most relevant metal oxide nanoparticles include
wide bandgap semiconducting materials (TiO,, CeO,, ZnO)
and magnetic crystals (Fe,O3 and Fe;0,). These unique charac-
teristics can be controlled by nanocrystal engineering and
endow a wide range of applications, such as clinical imaging,
gas sensing, and catalysis."”*°°

4.1. Toxicity of titania nanoparticles (TiO,NPs)

TiO,NPs exhibit strong ultraviolet (UV) absorption capabilities
and resilience to radiation damage.'®™'% As a consequence,
they are prevalently employed as UV-blocking agents in sunsc-
reen formulations as well as thickening agents in cosmetics.®*
Furthermore, TiO,NPs, especially in the anatase form, display
photocatalytic activity under UV irradiation. Consequently,
titania colloids have become important in key industrial pro-
cesses, such as photocatalysis, solar energy harnessing, and
air and water purification.'®>®® The versatility and wide-
spread use of TiO,NPs, particularly in skin cosmetics, require
a deep understanding of their toxicity and biological impact.

4.1.1. Skin toxicity of TiO,NPs. Because TiO,NPs are com-
monly used in skin cosmetics, there have been concerns
regarding their impact on health, even in the absence of UV
irradiation. Hence, a pioneer toxicogenomic study assessed
the impact of ultrafine TiO,NPs in human keratinocytes
without UV illumination.'®® Notably, although no significant
ROS-associated oxidative damage was observed, TiO,NPs
without illumination affected the cell-matrix adhesion of kera-
tinocytes, leading to extracellular matrix remodeling. A recent
study that utilized a multi-omics approach combined with
stable isotopic labeling of amino acids provided further
insights into the toxicity of titania colloids in skin cells."”® In
this study, TiO,NPs did not significantly induce cell apoptosis,
however, the colloids promoted cell cycle arrest in the S-G2/M
phase, which was corroborated by RT-qPCR. Furthermore, the
disruption of proteins that play a key role in cell cycle regu-
lation, such as CDK2, CCNA1, and CCNB1, were identified by
proteomics, providing further insights into the toxicity mecha-
nisms of titania colloids.

4.1.2. Pulmonary toxicity of TiO,NPs. Various studies have
examined TiO,NP toxicity in different lung models since inha-
lation is one of the main exposure routes to nanoparticles. For
example, an in vivo and in vitro study assessing the biological
effects of inhaled 21 nm TiO,NPs in mice via toxicogenomics
and toxicoproteomics identified changes in several inflamma-
tory mediators at both the mRNA and protein levels in a dose-
and time-dependent manner in the lungs.'”" Notably, even
though no neutrophil influx was observed at low TiO,NP
doses, changes in genes and proteins associated with inflam-
mation were detected. Furthermore, disruptions in the
expression of genes related to ion homeostasis and muscle
function were also identified, which together with extended
nanoparticle exposures could potentially lead to fibrosis,
asthma, and lung cancer. These results were consistent with a
follow-up study that identified strong dysregulation of genes
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associated with immune/inflammatory and apoptotic pathways
in the lungs of mice that were exposed to 6 nm TiO,NPs."”

The strong biological impact of titania nanocrystals in the
lungs of mice was later also observed at the epigenetic level.'”
TiO,NP exposures caused changes in DNA methylation particu-
larly in the promoter regions of genes associated with inflam-
mation and fibrosis, suggesting that abnormal DNA methyl-
ation has the potential to be used as biomarkers for pulmon-
ary disease development. Notably, the same study observed
that younger mice (5-week-old) displayed greater sensitivity to
TiO,NP exposure than older mice (10-week-old) did, as
observed by increased methylation, altered gene promoters,
and up-regulation in cancer pathways, ultimately resulting in
increased pulmonary inflammation and fibrosis. Consistently,
a subsequent study identified that exposures to TiO,NPs, even
at concentrations well below sublethal levels (0.5 ug mL™"), led
to significant changes in DNA methylation,'”* indicating that
even minimal exposure to these nanoparticles can induce
adverse epigenetic effects.

4.1.3. Hepatotoxicity of TiO,NPs. Although conventional
transcriptomics preferentially quantify the expression of mRNA,
some alternative toxicological methods profile other types of
RNA. For example, long non-coding RNAs (IncRNAs) are oligonu-
cleotides without protein-coding functions that are involved in
transcriptional and epigenetic regulation.'”>'”® A recent study
explored the toxicity of TiO,NPs in human hepatoma HepG2
cells by characterizing IncRNA expression via RNA-Seq and
RT-PCR (Fig. 3A-C)."”” The authors identified that TiO,NPs dis-
rupted the expression of specific IncRNAs associated with the
Hedgehog signaling pathway and the glutamatergic synapse,
ultimately contributing to hepatotoxicity. Moreover, the study
identified correlations between the changes in IncRNAs and
mRNAs, which suggested a potential epigenetic mechanism
behind the hepatic toxicity induced by the nanoparticles.

4.2. Toxicity of zinc oxide nanoparticles (ZnONPs)

In the last two decades, ZnONPs have become widely used in
multiple industries because of their excellent optoelectronic
properties, stability, and perceived low toxicity.'”® For example,
ZnONPs are commonly employed in the manufacturing of
sunscreens and cosmetics, as they can effectively block UV
radiation.'®*'”® Additionally, ZnONPs are utilized in the devel-
opment of antibacterial agents'®® and as key components in
electronic devices and sensors.'®* Due to the widespread
applications of ZnONPs, some recent studies have focused on
characterizing their toxicological profile through omics
approaches, aiming to gain a better understanding of their
biological effects and potential uses.

4.2.1. Pulmonary toxicity of ZnONPs. Despite being com-
mercially used in multiple products, inhaled ZnONPs are
known to induce metal fume fever and systemic inflammatory
responses in humans.'®*'® These acute phase responses
present serious cardiovascular risks. Taking this into consider-
ation, a genomic and proteomic study aimed to further under-
stand the ZnONP-induced acute phase responses in mice.'®*
Two types of nanoparticles, namely uncoated and triethoxyca-
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prylylsilane-coated ZnONPs, were explored. As solely sub-lethal
nanoparticle doses were investigated, only weak non-dose-
dependent toxicogenomics effects were identified. Hence,
from a genomic point of view, both nanoparticle types caused
similar effects, disrupting genes related to circadian rhythm
signaling, protein ubiquitination pathway, AMPK signaling,
and unfolded protein responses. Proteomics further validated
these findings by detecting levels of Serum Amyloid A3 in
bronchoalveolar lavage fluid. The main difference between
uncoated and coated ZnONPs was the disruption of genes
associated with cell cycle G2M damage checkpoint regulation
pathway, and functions associated with cell cycle progression,
chromosome segregation, and alignment by the former.

4.2.2. Hepatotoxicity of ZnONPs. Another study delved into
ZnONP toxicity both in vitro and in vivo, characterizing its
impact on the liver.'®® The RNA-seq results demonstrated that
despite affecting similar biological functions and components
in hepatic cells (HepG2), including immune system processes
and membrane parts, ZnONPs caused a greater level of gene
expression upregulation and downregulation, particularly in
certain functions, such as biological mineralization and cell
killing, compared to (non-nano) ZnO powder. Consequently,
ZnONPs also induced greater cell inactivation, oxidative stress,
mitochondrial damage, and intracellular calcium overload
than their non-nano counterparts did. Similarly, in rats,
ZnONPs caused more pronounced liver damage, with elevated
aspartate aminotransferase and alanine aminotransferase
levels, reduced antioxidant capacity, and more severe histo-
pathological damage compared to ZnO powder.

In a metabolomics study, male and female zebrafish were
exposed to various concentrations of ZnONPs (Fig. 3D).'®°
Their livers were then subjected to metabolome analysis and
energy metabolism assessment. The findings indicated that
sub-chronic ZnONP exposures reduced the tricarboxylic acid
cycle rate and oxidative phosphorylation, leading to ATP loss
and energetic stress in both genders. Females compensated by
increasing the fatty acid and amino acid metabolisms, while
males solely adjusted their amino acid metabolism.
Interestingly, this study highlighted several gender-dependent
(in zebrafish) adaptative metabolic responses to mitigate dis-
ruptions caused by ZnONP exposures.

4.2.3. Toxicity of ZnONPs to phagocytes. Phagocytes are
key immune system components that determine the endogen-
ous fate of nanoparticles since they participate in the clearance
and biodistribution of particulates.'®” From the different types
of phagocytes, macrophages are among the primary cells that
process nanoparticles, mediating in the host immunological
and inflammatory responses to nanomaterials. Hence, it is
important to characterize the interaction between nano-
particles and phagocytes to fully understand the biological
impact of the former. A recent study exploited sequencing and
proteomics to understand the impact of sub-lethal doses of
ZnONPs and derivatives (ZnFe,0,) on rat alveolar macrophages
(NR8383)."®® Genes encoding metallothioneins, a low mole-
cular weight protein family that binds to heavy metals, were
overexpressed after exposures to both particles. Furthermore,
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Fig. 3 Toxicological profile of TiO,NPs based on IncRNA expression alterations in HepG2. (A) Volcano plot highlighting up-regulated and down-
regulated lcnRNAs, (B) histogram with classification of dysregulated lcnRNAs, and (C) heat map and cluster analysis of dysregulated lcnRNAs after
exposure to TiO,NPs at concentrations of 0 and 100 ug mL™". Adapted with permission of ref. 177. Copyright MDPI (Basel, Switzerland) 2022. (D)
Metabolomics analysis of zebrafish liver following exposures of 0 or 500 ug L™ ZnONPs or equivalent dose of zinc salt ions. Adapted with permission

of ref. 186. Copyright Elsevier 2022.

elF2 signaling, which is involved in protein homeostasis, was
the main disrupted pathway. Proteomics characterization
carried out with MS highlighted protein homeostasis and
cholesterol biosynthesis as the main affected biological func-
tions. Taken together, toxicogenomics and toxicoproteomics
identified protein and lipid homeostasis as the main functions
disrupted by the nanoparticles.

4.3. Toxicity of superparamagnetic iron oxide nanoparticles
(SPIONS)

SPIONs are iron oxide colloids that display unique magnetic
properties which combined with their biocompatibility have
resulted in their use in  different biomedical
applications."®*™*°! For instance, SPIONs display large mag-
netic moments that alter the transverse relaxation times (75) of
water protons, decreasing their signal intensity in magnetic

15936 | Nanoscale, 2024, 16, 15928-15945

resonance imaging (MRI). Hence, in 1996, a SPION-based for-
mulation (ferumoxide) was clinically approved by the US Food
and Drugs Administration as an MRI contrast agent for the
detection of liver lesions.'®” Since then, multiple formulations
have been developed for the imaging of other diseases, such as
atheroma. Even though many of those diagnostic applications
were later discontinued in favor of gadolinium-based contrast
agents, SPIONs are still being clinically used for specific appli-
cations, including iron replacement therapy in anemic
patients, imaging of tumor-associated macrophages, and
identification of sentinel lymph nodes."®” Furthermore, a clini-
cal trial has recently started to evaluate SPION-based magnetic
hyperthermia to treat advanced pancreatic cancer patients.
Beyond therapeutics and diagnostics, the magnetic properties
of SPIONs are commonly used for magnetic-based separations,
such as in water purification'®* and pollutant removal.'®?

This journal is © The Royal Society of Chemistry 2024
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Although SPIONS are generally perceived as biocompatible,
there have been concerns regarding their biological impact
(e.g. DNA damage, oxidative stress, and epigenetic alterations)
under specific conditions and formulations."®* Thus, to better
understand their endogenous behavior, a recent study explored
the epigenetic effects of SPIONs coated with citric acid in
human submandibular gland cells."®> Through a combination
of colorimetric assays and RT-PCR, the authors concluded that
exposures to citric acid-coated SPIONs induced significant
alterations in DNA methylation and histone acetylation, which,
notably, did not impact cell viability.

Although the adsorption of lipids and proteins onto the
surface of nanoparticles has long been known, it was not until
the last decade that its impact on nanoparticle behavior in vivo
started to be understood.'”® In a comprehensive study,
researchers exploited proteomic and lipidomic analyses,
including LC-MS and a multiple reaction monitoring profiling
method, to investigate the formation of protein and lipid
corona on 20 nm SPIONs and to explore how this biocorona
affects cellular interactions and toxicity.’®” To achieve this, the
nanoparticles were exposed to isolated bronchoalveolar lavage
fluids from both healthy and metabolic syndrome mouse
models. The SPIONs exposed to metabolic syndrome samples
were uptaken by macrophages to a greater extent than the
SPIONs exposed to healthy fluids. Notably, different protein
and lipid profiles were identified on the surface of the nano-
particles exposed to the distinct fluids through proteomic and
lipidomic analyses. This observation suggested that metabolic
syndrome conditions promote protein and lipid corona com-
position changes in bronchoalveolar lavage fluid, ultimately
impacting nanoparticle interactions, which may contribute to
the development of acute pulmonary inflammatory responses.

4.4. Toxicity of ceria nanoparticles (CeO,NPs)

CeO,NPs are prized for their rich redox behavior, as cerium
can easily shift between +3 and +4 oxidation states, and can
act as oxidation switches."”® Thus, CeO,NPs are being
exploited to counteract oxidative stress by scavenging reactive
oxygen species,'”® to serve as core components in biosensors
for biomolecule detection,** to purify wastewater and exhaust
gases,”*! to act as catalysts in various reactions,?*?* and to
function as electrolyte materials in fuel cells.>**

Because CeO,NPs (and other metal oxide nanostructures
such as cobalt oxide nanoparticles, COONPs) are used in auto-
motive exhaust catalysts, there are concerns regarding their
release in air and potential inhalation. A toxicogenomics study
explored the biological effects of both CeO,NPs and CoONPs
in bronchial and alveolar epithelial cells, two of the main lung
cell types that interact with airborne particulates.>*® The study
focused on understanding inflammatory responses since these
cells can produce pro-inflammatory mediators. Notably,
although CeO,NPs disrupted the expression of a larger
number of genes, CoOONPs had a more pronounced impact on
immune system-related processes.

The onset of immune responses by inhaled CeO,NPs was
further demonstrated in vivo in male Sprague-Dawley rats
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through lipidomics and transcriptomics.® The aerosolized
40 nm CeO,NPs triggered inflammation and immune
responses, not only in the lungs but in the liver and kidneys,
with significant changes in inflammation markers and gene
expression, as confirmed by transcriptomics. Moreover, lipido-
mics profiling of lung tissue further revealed changes to minor
lipid species, implying specific rather than general cellular
effects. Notably, these inflammatory effects triggered by the
CeO,NPs were greater than those observed in toxicomics
studies using micron-sized ceria aerosols, corroborating the
larger biological reactivity of materials at the nanoscale.

4.5. Toxicity of other metal oxide nanoparticles

Beyond the cases discussed above, several studies have exam-
ined the toxicity of other metal oxide nanoparticles. For
instance, a study explored the toxicological profile of catalytic
vanadium oxide nanoparticles (V,0sNPs) through high-resolu-
tion metabolomics in human airway epithelial cells
(BEAS-2B).”°® Even at non-cytotoxic doses, V,0sNPs induced
dose-dependent responses in several major metabolic path-
ways, including the metabolism of amino sugars, amino acids,
fatty acids, carnitine, and nucleotides, some of which have
been previously linked to human lung diseases.>””

In a separate study, the toxicity of low doses (0.5 pg Ni
mL™") of nickel oxide nanoparticles (NiONPs) and nickel nano-
particles (NiNPs), which are used in electronics and cataly-
sis,>*® were screened through RNA-Seq in human lung cells
(BEAS-2B) after prolonged exposures (six weeks). Both NiONPs
and NiNPs caused DNA strand breaks, which were consistent
with exposures to nickel chloride salts.

A comprehensive study combining genomics, transcrip-
tomics, and metabolomics investigated the impact of gadoli-
nium oxide nanoparticles (GAONPs) on 4T1 breast cancer
cells.>® The research demonstrated that GAONPs induced apop-
tosis in 4T1 cells by significantly increasing the production of
reactive oxygen species, leading to enhanced DNA damage
within the cells. These results were consistent with a study that
followed a similar approach and explored the effects of manga-
nese oxide nanoparticles (Mnz;O,NPs) at a concentration of
100 pg mL™' on rat type II alveolar epithelial cells.”’® The
authors proved that Mn;O,NPs also induced an increase in reac-
tive oxygen species, leading to significant oxidative stress, which
triggered the apoptosis of the rat type II alveolar epithelial cells.
Other heavy metal oxide nanoparticles, such as molybdenum
dioxide nanoparticles (MoO,NPs), have also shown to induce
significant toxicity, such as in the liver, through oxidative stress
and inflammation, leading to notable changes in the expression
of inflammation markers and genes.*!*

5. Toxicity of other inorganic
nanoparticles
5.1. Toxicity of quantum dots

Quantum dots are semiconductor nanocrystals that display
shape- and size-dependent optical and electronic properties,
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which are in between those of bulk semiconductors and dis-
crete atoms.>'*> For instance, as the size of quantum dots
increases (from 2 to 6 nm), their emissions red-shift to longer
wavelengths. Quantum dots are widely used in optoelectronic
devices, such as light-emitting diode (QLED) screens and
lasers.?'® Furthermore, they have also been explored as optical
probes in preclinical imaging.*'* It is worth mentioning that
the Noble Prize in Chemistry 2023 was awarded to Professors
Ekimov, Brus, and Bawendi for the discovery and synthesis of
quantum dots.>*>>"7

A proteomic study explored the toxicity of CdTe quantum
dots in human monocytes THP-1 and compared it to the tox-
icity of AuNPs and copper oxide nanoparticles (CuONPs).>'
Despite showing similar overall toxicity, CdTe induced the
strongest proteomic responses by down-regulating topoisome-
rases, enzymes that catalyze changes in the topological state of
DNA. The authors hypothesized that CdTe may affect the alkyl-
ation of DNA or affect chromatin-related proteins, which
would be consistent with the cytotoxic mechanisms associated
with Cd**.

5.2. Toxicity of silica nanoparticles (SiO,NPs)

Silicon is one of the most abundant elements on Earth’s crust,
and nanoparticles made of its oxide have found multiple
industrial applications, ranging from fining agents for bev-
erages to cosmetics.”’® SiO,NPs can be either crystalline or
amorphous. While their molecular composition is the same,
both crystalline and amorphous structures can display
different properties. For example, some crystalline SiO,NPs
possess porous with diameters ranging from 2 to 100 nm that
can be filled with different therapeutic and diagnostic
agents.”’>>"” Hence, numerous nanomedicines based on
(meso)porous SiO,NPs are currently being explored in clinical
trials for sentinel lymph node mapping and oral drug delivery,
among others.”*° The increasing use of SiO,NPs in biomedical
applications and their widespread presence in the food and
cosmetic industry requires a thorough characterization of their
toxicity.

In the last years, there has been an increasing concern
about the impact of nanoparticles on male fertility.**"***> In
this context, a genomic study explored the toxicity of SiO,NPs
in murine spermatocyte cells.*”® SiO,NP treatment dysregu-
lated 15 significant miRNAs, which were associated with DNA
replication and fatty acid metabolism, identifying the origin of
SiO,NPs in spermatocyte cells.

In a separate study, researchers adopted a multifaceted
approach by combining proteomics and metabolomics to
screen the metabolic disturbances induced by SiO,NPs in liver
cells (Fig. 4).>** Through proteomics analysis, they unveiled
the aberrant expression of key proteins, including RPL3,
HSP90AA1, SOD, PGK1, GOT1, and PNP, which were associated
with protein synthesis, folding, oxidative stress, and overall
metabolism. Complementing these findings, metabolomics
analysis provided further evidence of disrupted metabolic
pathways, encompassing glucose metabolism, amino acid
metabolism, and nucleotide metabolism. These results high-
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lighted the strong impact of SiO,NPs on cellular metabolic
processes.

6. Lessons learned and
recommendations

6.1. Lack of universal toxicity rules

It is challenging to identify general rules that define the tox-
icity of nanoparticles, since they come in all sorts of shapes
and forms, and can behave differently. For instance, nano-
particles can display sizes ranging from a few nanometers,
which result in rapid nanoparticle excretion through renal
pathways,”* to several hundreds of nanometers, which yield
nanoparticles with large accumulation in fenestrated organs,
such as the liver and spleen.'®'® A wide variety of core
materials are used to synthesize nanoparticles, which include
noble metals, metal oxides, and semiconductors, to name a
few (Table S1t). Some of these materials can be degraded or
excreted by the body,''® while others cannot and tend to
accumulate in tissues for prolonged periods of time.'%%'%°
Moreover, some of these materials can display inherent cyto-
toxicity, e.g. via reactive oxygen species production,’*® or
promote acute immune responses.**” Notably, some materials
may also possess different properties depending on whether
they are found in nanoparticulate form or ionic form, further
complicating their toxicity assessment.'® Nanoparticles may
have coating or ligand shell on their surface, which can be
engineered to improve their colloidal stability or to recognize
specific targets.?”® The shell characteristics, such as size and
charge, strongly affect the fate and toxicity of the nanoparticles
both in vitro and in vivo.?*>**° For example, nanoparticles with
strong positive charge tend to display higher cellular uptake
in vitro,”*' but also nanoparticles with strong surface charges
tend to adsorb large amounts of plasma components on their
surface, which can be recognized by phagocytes, yielding
nanoparticles with short circulation times in the
bloodstream.?*?

6.2. The role of protein corona

In the last decade, the concept of protein (and lipid) corona
has emerged in the field of nanoscience. When nanoparticles
are exposed to biological fluids, different endogenous bio-
molecules can adsorb on their surface forming a biomolecular
corona.”*>*** The composition of the corona strongly affects
the behavior and fate of the nanoparticles.”*>>* Interestingly,
the material core and ligand shell of the nanoparticles can
facilitate or (even) prevent the formation of the corona,
opening avenues to improve and optimize cell internalization,
and biological effects of nanoparticles and nanomedicines.?*”-**

6.3. The importance of the model

Another limitation of many toxicological studies (not only
omics) is the use of immortal cancer cell lines.”*® These cells
are easy to handle since they can continuously grow and divide
in laboratory settings. Nevertheless, these cells have unique
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genetic alterations that are not found in normal healthy cells.
Hence, they might display characteristics and functions that
are not relevant to any cell type in vivo. Moreover, after multiple
passages, the characteristics of immortal cell lines can change,
becoming even more distinct from those of healthy cells. Thus,
it is important to validate that the characteristics of the cell
model are relevant to the aim of the study. Furthermore,
in vitro cell models in general are severely limited by their sim-
plicity, which completely ignores the absorption, distribution,
metabolism and excretion of the particles.***>*' For instance,
to interact with hepatocytes, nanoparticles need to be
absorbed, reach the blood circulation, avoid phagocyte uptake,

This journal is © The Royal Society of Chemistry 2024

extravasate through the endothelial wall and finally reach the
hepatic cells. Some nanoparticles are unlikely to reach the final
destination, and the cell culture assays would yield artificial
results, while other nanoparticles are likely to be transformed
through the process.

6.4. The importance of reporting the nanoparticle
characteristics

Taken together, the large variability of nanoparticles chal-
lenges their toxicological assessment. Conclusions drawn from
a toxicomics study using a specific set of nanoparticles may
only be valid for that specific set of colloids. Hence, when pub-
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lishing toxicological studies, it is very important to properly
characterize and report the features of the nanoparticles.
Unfortunately, this is not always the case, and key character-
istics, such as size or shell composition, are not commonly
reported in the literature.

7. Conclusion

The prevalent use of inorganic nanoparticles in many human-
driven activities requires a thorough assessment of nano-
particle biological impact and safety. Omics approaches,
including transcriptomics, epigenetics, proteomics, metabolo-
mics, and lipidomics, are improving our understanding of the
molecular effects of nanoparticles, uncovering biological func-
tions disrupted by the nanomaterials, and highlighting genes,
proteins and other biomarkers associated with their toxicity.
In addition, omics techniques can be used to identify
endogenous agents that participate in minimizing the harmful
effects of the nanoparticles or to better understand the thera-
peutic mechanisms associated with nanomedicines. So far, a
limited number of studies have explored the use of omics to
characterize the toxicity of inorganic nanoparticles, however,
we expect that these numbers will increase in the future, as
omics studies can support the development of nanoparticles
with lower biological impact and yield safer industrial and
clinical applications.
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