;
5
o
15

A:E¥R Universiteit
Al Leiden
'%‘Q,:ys‘a& The Netherlands

Wisdom of crowds for supporting the safety evaluation of nanomaterials
Saarimaki, L.A.; Fratello, M.; del Giudice, G.; Di Lieto, E.; Afantitis, A.; Alenius, H.; ... ; Greco,
D.

Citation

Saarimaki, L. A., Fratello, M., Del Giudice, G., Di Lieto, E., Afantitis, A., Alenius, H., ... Greco,
D. (2025). Wisdom of crowds for supporting the safety evaluation of nanomaterials.
Environmental Science And Technology, 59(29), 14969-14980. d0i:10.1021/acs.est.5c00841

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license

Downloaded from: https://hdl.handle.net/1887/4288141

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/4288141

Downloaded via LEIDEN UNIV on January 13, 2026 at 09:46:03 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

S

pubs.acs.org/est

This article is licensed under CC-BY 4.0 @ @

Wisdom of Crowds for Supporting the Safety Evaluation of
Nanomaterials

Laura Aliisa Saarimiki, "> Michele Fratello, " Giusy del Giudice, Emanuele Di Lieto,

Antreas Afantitis, Harri Alenius, Eliodoro Chiavazzo, Mary Gulumian, Piia Karisola, Iseult Lynch,
Giulia Mancardi, Georgia Melagraki, Paolo Netti, Anastasios G. Papadiamantis, Willie Peijnenburg,
Hélder A Santos, Tommaso Serchi, Mohammad-Ali Shahbazi, Tobias Stoeger, Eugenia Valsami-Jones,
Paola Vivo, Ivana Vinkovic Vrcek, Ulla Vogel, Peter Wick, David A. Winkler, Angela Serra,

and Dario Greco*
I: I Read Online

Article Recommendations |

Cite This: Environ. Sci. Technol. 2025, 59, 14969-14980

ACCESS |

ABSTRACT: The development of new approach methodologies
(NAMs) to replace current in vivo testing for the safety assessment
of engineered nanomaterials (ENMs) is hindered by the scarcity of
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fields (“wisdom of crowds” or WoC). By integrating expert insights,
we aim to fill data gaps and generate consensus concern scores for
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nanosafety computational models. Our investigation reveals an
alignment between expert opinion and experimental data, providing
robust estimations of concern levels. Building upon these findings,
we employ predictive machine learning models trained on the newly defined concern scores, ENM descriptors, and gene expression
profiles, to quantify potential harm across various toxicity end points. These models further reveal key genes potentially involved in
underlying toxicity mechanisms. Notably, genes associated with metal ion homeostasis, inflammation, and oxidative stress emerge as
predictors of ENM toxicity across diverse end points. This study showcases the value of integrating expert knowledge and
computational modeling to support more eflicient, mechanism-informed, and scalable safety assessment of nanomaterials in the
rapidly evolving landscape of nanotechnology.
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B INTRODUCTION

The rapid development of new nanomaterials continues to

ization and to underpin the implementation of the Safe- and
Sustainable-by-Design (SSbD) framework."’

Mechanistic toxicology models aim to enhance our under-
standing of chemical toxicity and to predict adverse effects by
describing cascades of biological events that link exposure to
adverse outcomes (AOs) such as cancer or skin sensitization,

outpace our capacity to evaluate their safety, raising concerns
about their safe use and health impacts, which may limit
innovation in nanotechnology. This gap can be partly

attributed to the resource-intensive nature of the current
chemical safety assessment framework, as well as the complex
nature of engineered nanomaterials (ENMs) and their
interactions with biological systems. Tackling this complexity
requires multidisciplinary expertise spanning fields such as
chemistry, engineering, biology, exposure science, and
toxicology. Moreover, the need to make chemical safety
assessment faster and more effective has driven the develop-
ment of nonanimal or new approach methodologies (NAMs),
including diverse computational and predictive strategies.'
Among these, models based on mechanistic principles have
emerged as valuable tools for comprehensive hazard character-
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for example. However, the eflicacy of these models is hindered
by the lack of extensive biological end point data for the
myriad forms of ENMs (chemical diversity and environmental
transformations). Despite the growing number of data sets
probing molecular mechanisms associated with human
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exposure to ENMs, public repositories still lack sufficient safety
end point information to allow the generation of robust
computational models to aid safety assessment of ENMs.

We hypothesized that complementary knowledge provided
by experts could compensate for the lack of experimental
nanosafety data for various classes of ENMs. Hence, we
implemented a framework that harnesses the expertise of a
panel of professionals from diverse nanosafety-related back-
grounds to provide informed estimates of the relationships
between the primary intrinsic characteristics of the materials in
a recently curated collection® and toxicological end points. The
framework is based on the idea of the “wisdom of crowds”
(WoC), whereby the collective expertise of a crowd is more
informative and accurate than that of any individual. WoC and
expert opinions have been applied across diverse fields for
information-gathering and decision-making purposes, resulting
in accurate predictions.””” In toxicology and medicine,
previous examples employing expert opinions have been
primarily focused on the Delphi method, in which consensus
is reached through multiple iterations.'’™"> This method has
proven informative for applications such as policy definitions
and characterization of optimal diagnostic criteria, treatment
protocols and biomarker characteristics."*~'” We, on the other
hand, applied a method that reaches consensus through a data-
driven approach, enabling us to alleviate some of the challenges
associated with the Delphi method, including those related to
interpersonal influence, participant loss, and time the experts
needed to dedicate to the task. We then integrated these
expert-driven concern scores with computational modeling. By
leveraging the collective insights of professionals, we aimed to
generate reliable predictions of ENM toxicity and identify key
molecular mechanisms underlying adverse effects.

This study presents the novel framework, evaluates its
predictive power against experimental data, and demonstrates
its potential for enhancing mechanistic toxicology models in
the context of nanosafety.

B MATERIALS AND METHODS

The methods used in this study are summarized below,
providing an overview of the key experimental and analytical
approaches. For a detailed description of the methodologies,
including details about the data collection, model formulation,
and data analyses, we refer to Supporting Materials and
Methods in the Supporting Information.

Expert Opinion Collection. A Wisdom of the Crowd
(WoC) approach was applied to explore whether existing data
gaps in nanotoxicology could be partially addressed by
distilling expert knowledge into actionable outputs. Specifi-
cally, the goal was to assess the potential adverse effects of
engineered nanomaterials (ENMs) by generating expert-
derived concern levels for selected ENM-end point combina-
tions as a proxy for missing empirical data. For this, 79 experts
were invited, and 21 contributed responses, evaluating 134
ENMs across 18 toxicological end points (Supporting File 2
and Figure S1). Experts were asked to indicate potential
connections between ENMs and end points. The hetero-
geneity of the participants was characterized by implementing
a field of study analysis (see Field of study analysis, Supporting
Information).

Response Modeling and Concern Inference. Concern
levels for each ENM and each pair of (ENM, end point) were
estimated with a bayesian hierarchical model following a
modeling approach similar to Whitehill et al.'® Furthermore,

additional parameters, including end point difficulty and the
level of expertise of each participant were also estimated. The
model was optimized using Stochastic Variational Infer-
ence'””® (SVI), implemented with the Pyro’' library in
Python. Final concern labels were estimated by sampling 1000
times the fitted model, with uncertainty quantified based on
the frequencies of the sampled values.

Validation with Experimental Data. To evaluate result
quality, we compared predicted concern labels with exper-
imental data from 2896 ENM cell viability assays compiled
from peer-reviewed studies.”” The data set includes annota-
tions on ENMs (e.g, core material, coating, diameter, (-
potential) and experimental conditions (e.g., cell type,
concentration, exposure time, test type, positive controls).
We focused on the most reported MTT assay.

Matching ENMs were identified based on core material, and
the most frequent concern level was assigned to each type. We
then compared the viability distribution of matched ENMs
with their concern levels (see Figure S4, Supporting
Information).

Toxicogenomic and Descriptor Data Layers. ENM
transcriptomic and physicochemical data were sourced from
Saarimiki et al.”*’ and Gallud et al** available on GEO
(GSE148705). Data aggregation focused on core material
similarity, with human in vitro samples (294 samples, 7238
genes). Physicochemical descriptors included molecular/
electronic structure attributes (del Giudice et al.***°), omitting
parameters available to experts (e.g, {-potential). Gene
expression profiles were aggregated per ENM for machine
learning analysis.

Machine Learning Classifiers. We created multiple
classification task instances based on data type (descriptors,
gene expression, or both), gene expression aggregation, and
prediction labels (ENM concern level for an end point or
overall concern). Binary overall concern labels were assigned
based on the most frequent value sampled by the survey
model. Samples were also weighted based on the variability
associated with the corresponding concern level (see
Supporting Information for details).

For each task, we trained a gradient boosting classifier
with 5000 trees, weighting samples by label uncertainty to
prioritize the most certain cases. Model performance was
evaluated using 5-fold cross-validation, repeated 10 times. This
ensured robust evaluation with predictions derived from held-
out data.

We applied two classification strategies: single-view and
multiview integration. Single-view models used either phys-
icochemical or gene expression data. For multiview integration,
we tested both early and late integration approaches:*” early
integration concatenated features before training, while late
integration combined predictions from single-view models
using a meta-classifier.

After training, we identified the top 10 most relevant features
(genes) based on information gain across classification tasks.
The most frequently selected features are reported (Supporting
File 1).

Interactive Data Viewer. A Shiny-based interactive viewer
was developed for data exploration. The tool, along with all
related code, is available on GitHub at https://github.com/
fhaive/wisdom_of the crowds.
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Figure 1. (A) Probabilistic concern scores for the studied ENMs and end points. Red indicates high levels of concern, while blue indicates low
levels of concern. The ENM:s are grouped based on the concern scores across the end points. The overall concern shows three distinct clusters by
color (leftmost column). (B) Overall concern shown by the ENM category. ENMs were grouped by the core material and type.

B RESULTS AND DISCUSSION

The Expert Survey Reveals Distinct Levels of Knowl-
edge of the ENMs. The survey results were examined to
evaluate the overall perception of the hazards related to each
ENM. The responses of the experts varied in coverage across
the ENMs and the end points, with some experts limiting their
responses only to selected ENM-end point pairs while others
provided estimates across the whole collection (see Figure
S2A, Supporting Information). In other words, not all experts
felt confident to give informed opinions on the relationships
between all ENMs and all potential AOs.

14971

The number of definitive (yes/no) answers per ENMs/end
point pair ranged from 3 to 16, revealing clusters of low-
coverage ENMs and end points (see Figure S2B, Supporting
Information). More specifically, nanodiamonds with different
functionalizations (ND_X), graphite nanofibers (GNF),
aminated graphite oxide (GONH,), and tungsten carbide-
based (WC) ENMs fall into a distinct cluster of low coverage
across all end points. The total number of responses over the
end points was highest for cytotoxicity (1504) and lowest for
neuro-, nephro-, and cardiovascular toxicity (707, 712, and
736, respectively).
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These numbers are affected by factors such as the
background and expertise of the experts (see Supporting File
1 for expert characterization), popularity of the ENMs in
research, relevance of the end points for the ENMs under real-
life exposure scenarios, and many others. Although the experts
were asked to provide the responses based on their experience
and expertise without extensive literature searches, the results
ought to be affected by the data and literature available. The
literature, on the other hand, is likely biased with larger data
sets for ENMs with high production volume and hazard
potential, and the assessment of end points of highest
regulatory relevance or based on the ease of assessment (e.g.,
in vitro cytotoxicity),”” resulting in the experts to be generally
more knowledgeable in these aspects. This is clear from the
high number of responses for cytotoxicity, an assay often used
as the foundation for further experimentation, and certain
ENM-end point pairs, such as different types of asbestos fibers
and lung fibrosis (see Figure S2B, Supporting Information).
While asbestos is not an ENM, it was included in our analysis
due to its widespread use as a positive control in experiments
and its many parallels with ENM toxicity.”' >

Although it is reasonable to focus resources on the chemicals
with the highest potential risk either through production
volume, hazard, or the most likely routes of exposure, the lack
of data for the less characterized ENMs and exposures does not
support their safe use. Similarly, the publication bias toward
positive relationships is well established, and likely affects the
field of nanosafety as well.>* This, in turn, makes the
identification of true negatives challenging, and requires
consideration of thresholds of effect since everything is toxic
at sufficient concentration.

Expert Agreement and End Point Difficulty. While the
raw responses elucidate the different levels of knowledge the
experts have on specific ENM-end point pairs and suggest
potential hazard trends, the comparison and interpretation of
the results is demanding due to imbalances in the responses.
To address this, we hypothesized that a consensus concern
score could be derived from the expert input using a
probabilistic model. This model estimates both the intrinsic
concern level of each ENM and its contextualized concern for
specific end points.

The model uses two sets of parameters to represent the level
of concern: a measurement of how consistently the responses
of the expert align with the consensus (agreement score); and
a difficulty score characterizing each end point in terms of the
likelihood of finding consensus, making end points dominated
by opposing responses more “difficult”, hence reflecting
different opinions of the experts.

We characterized the two scores (agreement and difficulty)
for each expert and end point, respectively (Figure S3A,C). In
the case of the expert agreement scores, higher values indicate
a greater likelihood of accurate labeling in alignment with the
consensus. Notably, scores can take negative values, implying
systematic errors in labeling possibly due to implicit biases or
malicious behavior. However, our analysis showed that all
modes were >0, suggesting a lack of malicious intent despite
significant variability in expert agreement scores. Similarly, the
values in the difficulty score reflect the ease of reaching
consensus, with end points scoring higher having greater levels
of expert agreement. Further analysis showed no clear
correlation between the quantity of responses and the
agreement scores or difficulty scores (see Figure S3B,D,
Supporting Information). Experts providing more answers did

not consistently align with the consensus, and vice versa, and
the number of answers received for each end point did not
seem to reflect its inferred difficulty.

End points such as neurotoxicity, skin sensitization, and
cytotoxicity had higher agreement, likely due to clearer
manifestations, established in vitro assays, and well-defined
biomarkers.**™*° In contrast, lung fibrosis was the most
challenging, given its complex pathophysiology, need for
long-term exposure studies, and absence of standardized
biomarkers. Despite lung-related outcomes being one of the
most studied in nanosafety,”” expert consensus remained low,
underscoring the difficulty of assessing chronic effects in acute
experimental setups.

These findings suggest an emerging consensus on a bottom-
up approach. Moreover, they emphasize the need for
interdisciplinary collaboration in nanosafety research, as
ENM interactions with biological systems remain highly
complex and sometimes contradictory.

Overall Concern Level Analysis Reveals Three
Concern Groups. The inferred parameters of the proba-
bilistic model define an overall concern score summarizing
expert-perceived concern levels for each ENM. Based on this
score, ENMs cluster broadly into three concern categories
(Figure 1A), which also align with their core compositions
(Figure 1B).

ENMs in the low-concern category include polymers,
hydroxyapatite, gold, and silica, though some outliers into
the other categories suggest that factors like crystallinity,
particle size, and surface functionalization may influence their
hazard potential. Hydroxyapatite nanoparticles (NPs) are
commonly used for drug delivery and bone regeneration
purposes due to their high biocompatibility.*’™** Likewise,
Eudragit particles (also under polymers) are used for drug
delivery, while gold NPs have found various biomedical
applications due to their inert nature.*”** Although most of the
gold-based NPs fell into the low concern category, ammonium-
functionalized gold NPs (AuX NR3) exhibited intermediate
concern, aligning with previous studies linking said surface
modifications to increased cytotoxicity.”*

The intermediate-concern group comprises iron oxide NPs,
titanium dioxide (TiO,) particles and rods, and various carbon
nanomaterials as defined under the label “other carbon
nanomaterials”. The higher variability among these ENMs
may imply that there is no inherent association between the
core material and its concern level, but it is more broadly
affected by the physicochemical characteristics, including
surface functionalization. The intermediate concern is reflected
in the literature on the toxicity of TiO, NPs and -rods. TiO,
particles have been long considered poorly soluble and of low
toxicity, resulting in various applications ranging from
cosmetics and food additives to paints and dyes.*> While the
evidence pointing toward the safety of TiO, was largely
derived for particles in the fine range (100 nm to 2.5 ym), the
idea has been more recently challenged by increasing reports of
the harmful effects of nanosized TiO, in various organ-
isms.*~** Several studies have indicated the potential of these
particles to induce oxidative stress, inflammation, and cellular
damage due to their ability to generate reactive oxygen species,
while others have reported contradictory findings.”” ™"
Concerns over genotoxicity also prompted the recent EU
ban on the use of TiO, as a food additive (E171, in which up
to 50% of the particles are nanosized).”” However, the overall
evidence on the toxicity of TiO, is varied and often skewed by
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extremely high exposure doses.”” Despite the broad
applications of these particles, epidemiological data on the
effects of TiO, exposure is largely missing, due in large part to
their topical application via suncreams (where animal testing
has been forbidden in the EU since 1998) and assumptions
regarding the effective barrier properties of the skin resulting in
low exposure.

ENMs in the high-concern group (zinc oxide, tungsten
carbide, silver, copper, carbon nanotubes, asbestos, mixed
particulate matter, and cadmium-based quantum dots (QDs))
are generally classified as reasonably soluble. The highest
concerns were associated with cadmium-based QDs and
copper oxide (CuO) NPs, both linked to cytotoxicity through
the release of free metal ions.”***** Interestingly, as opposed
to the low-concern category, there is little variation among the
scores of this group, possibly implying that these materials are
considered inherently harmful regardless of their functionaliza-
tion and primary characteristics. While moderate variation is
observed between end points, the high overall concern is
driven by multiple end points with high concern levels (Figure
1A).

Concern Levels Are Consistent with Experimental
Data. We then evaluated whether our predicted concern
scores agreed with experimental data. Due to cell viability
being the only end point with a large enough curated collection
available,”> we focused on a comparison between cytotoxicity
concern scores and cell viability data from Labouta et al..

In general, a matching trend between our computed concern
scores and experimental data was observed, with higher
concern scores being associated with lower viability, or at
least with highly variable measurements (see Figure S4,
Supporting Information).

While these results show consistency between the computed
concern scores and the experimental evidence, the challenges
in matching ENMs between multiple data sets complicates
their interpretation. Moreover, the cell viability data is derived
from diverse experimental conditions with multiple dose
ranges, exposure times, and biological systems.”” The exposure
details and conditions, such as ENM characteristics, coating/
functionalization, cell type, dose, and exposure time, influence
cell viability and likely explain the high variability in the data.
Likewise, assay inference by ENMs is an often-overlooked
issue that may introduce biases into this type of data.>®

Although these results are suggestive/correlative rather than
an absolute validation, this comparison allowed a systematic
assessment of our methodology. We confirmed that the
expectations of those with extensive knowledge and experience
in the subject matter are consistent with experimental results
and thus can be considered a source of knowledge when
experimental results are not available, or abundant enough.
Optimally, the predicted concern scores would be bench-
marked against comprehensive experimental data sets.
However, such data are scarce for most of ENMs and, where
available, are often limited to specific conditions, restricting
their application for computational approaches and systematic
evaluation. Broader, well-curated data sets covering diverse
toxicity end points would enable more robust assessment of
expert-derived concern scores and strengthen confidence in the
WoC approach. Likewise, this highlights the need for caution
in terms of nomenclature and data reporting in nanobio
interaction literature.*®

Overall, our results show that the complementary expertise
of the multidisciplinary panel of experts can converge into

robust consensus that aligns with experimental evidence.
Hence, we further hypothesized that the consensus expert
opinions could be used to support the classification and
prioritization of ENMs, and to derive relevant proxies of ENM
concern, paving the way for predictive NAMs. Nevertheless,
predictions for these end points should be interpreted
cautiously, and further experimental validation is essential to
extend the applicability and robustness of the developed
models across a broader range of nanosafety concerns.

Individual End Points Show Different Confidence
Levels. To assist the interpretation of the concern scores, we
inferred a binary concern label (concerning or nonconcerning)
for each ENM with respect to each end point. Due to the
probabilistic nature of the model, the inferences are associated
with a degree of variability/uncertainty. We quantified the
variability by the relative frequencies of each label outcome in
1000 repeated samples from the posterior distribution of the
concern labels estimated by the probabilistic model. The
distribution of the concern labels and their variability across
the end points is depicted in Figure SS.

The distribution of “concerning” and “non-concerning”
ENMs varies between the end points. For instance, cytotoxicity
and deregulation of cellular metabolism are unbalanced toward
the concerning ENMs, suggesting that most of the ENMs in
the collection are potentially associated with these end points.
On the other hand, skin irritation and skin sensitization are
more unbalanced toward nonconcerning ENMs, while the rest
of the end points are more balanced across the two labels.
Moreover, the number of highly uncertain ENM:s is not evenly
distributed across the end points. For example, asthma,
carcinogenicity, cardiovascular toxicity and environmental
hazard have a smaller number of ENMs associated with high
uncertainty (<0.6 certainty in the labeling), while end points
such as hepatotoxicity, neurotoxicity and lung fibrosis have
higher numbers of uncertain ENMs. This lack of consensus can
be traced back to the survey data. All the ENM-end point pairs
with a highly uncertain label correspond to pairs in which the
expert annotations are evenly split between the yes/no
answers, making the data agree perfectly with the prior
distribution of labels. This results in a lack of evidence to
deviate from the prior label distribution. These instances could
reflect cases where experimental data is highly controversial or
largely absent, and the expert judgment is solely based on
impressions of the material type and characteristics. Such cases
illustrate the utility of the WoC framework both by supporting
informed predictions where existing knowledge is sufficient as
well as by highlighting areas where the current evidence base is
too weak or fragmented to support consensus. Through the
identification of such knowledge gaps, the approach informs
prioritization of future experimental efforts, indicating where
additional data collection is necessary to reach a critical mass
of evidence.

Physicochemical Properties Are Correlated with the
WoC Predictions. Following the definition of the concern
level categories for each end point using the data from the
WoC survey, we trained machine learning classifiers to predict
the hazard potential of ENMs. We employed several strategies,
including single view (physicochemical characteristics or gene
expression alone) or multiview (both features combined) with
multiple data aggregation strategies. This allowed us to
evaluate specific features linked to ENM hazard potential
while gaining mechanistic insights through gene expression
data. These classifiers could support hazard assessment for
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Figure 2. Relevant genes shared by two or more end points (classifier based on late integration strategy). Blue indicates the gene ranks among the

top 10 gene features for the end point.

novel or untested ENMs by predicting toxic potential from
available descriptors. Indeed, reliable predictions can be
expected for materials whose descriptor profiles are well
represented in the current training set. However, given the
highly heterogeneous nature of ENMs, it remains difficult to
characterize a fixed applicability domain. Importantly, the
physicochemical descriptors used here (e.g., molecular and
electronic structure properties) can be calculated for other
ENMs, enabling model extensibility beyond this data set. The
insight gained could also inform grouping and prioritization by
identifying toxicity-relevant features and biomarkers as proxies
of toxicity.

The classifier trained on physicochemical descriptors alone
reached the highest ROC-AUC for all end points, followed by
the integrated model using a late integration strategy (see
Figure S6, Supporting Information). The performance of the
classifiers was also dependent on the end point, with the
prediction of intestinal toxicity reaching top ROC-AUC, while
skin sensitization and endocrine disruption were the most
challenging outcomes to predict (see Figure S6, Supporting
Information).

The combination of physicochemical properties and
exposure characteristics drive the toxicity of ENMs. However,
previous studies have indicated that the primary physicochem-
ical characteristics, such as core material and size alone are not
robust predictors of toxicity.”” Here, ENM descriptors were
used instead of the primary characteristics. Although many of
these descriptors are heavily influenced by the primary features
that were also reported to the experts, complete blinding
would be impossible, as the ENM type and name itself often
provides some information on the properties of each ENM.

Despite the best performance arising from the physicochem-
ical descriptors, the models generated on these characteristics
alone provide a mere black box view of the toxic potential
without any insights into the mode of action. It may inform on
the properties that need to be altered to develop safer ENMs
but gives no data on the molecular interactions between ENMs
and biological systems, leaving the mechanisms of toxicity
uncovered. Understanding the relationship between physico-

chemical properties and toxicity mechanisms can allow the
rational development of safer ENMs while also generating
valuable information for the development of new testing
strategies for nanosafety assessment.””"

Hence, we hypothesized that the transcriptional changes
induced by the exposures could serve as proxies of ENM
toxicity regardless of the exposure system. These gene proxies
could then elucidate on the underlying molecular mechanisms
behind ENM toxicity, supporting the identification of
molecular initiating events for ENM-induced adverse outcome
pathways and the development of gene based targeted assays
while also expanding the general understanding of ENM
toxicity, 575960

Integration of Transcriptomic Characteristics High-
lights Mechanisms of ENM Toxicity. Models of chemical-
biological interactions inform the mechanisms of toxicity and
can thus support the development of SSbD chemicals and
materials.” Given the multiple experimental conditions, we
sought an underlying molecular mechanism that could describe
the toxicity potential of ENMs regardless of the experimental
setup. We identified the gene-based features with the highest
influence on the classification task. The features were ranked
by their relevance, i.e., their ability to discriminate between the
concern categories for each end point.

Focusing on the 10 most important genes for each end
point, we identified a total of 103 genes (see Table SI,
Supporting Information), most of which were specific to
individual end points (75 genes), while the remaining 28 genes
were shared by two or more (Figure 2). Among these, we
observed several members of the metallothionein (MT) family
which encode for proteins that bind both physiological and
xenobiotic metals, maintaining metal homeostasis and
participating in cellular detoxification and protection against
oxidative stress.”' "> MT1F, and MT2A ranked among the top
genes predicting environmental hazard, intestinal toxicity,
nephrotoxicity, and skin irritation while MT1G was also
predictive of hepatotoxicity and reproductive toxicity. The
expression of MTs has been previously correlated with
SLC30Al1, a gene coding for zinc transporter 1,°* which
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ranked among the top features for environmental hazard,
hepatotoxicity, intestinal toxicity and nephrotoxicity (Figure
2).

The cooperation of MTs and SLC30A1 for multiple end
points suggests mechanisms related to the regulation of cellular
zinc homeostasis.”” SLC30A1 is transcriptionally upregulated
by high zinc levels.”* While this response has been associated
with both physiological and xenobiotic zinc, the emergence of
these genes in the context of this specific data set suggests
toxicity mechanisms involving physiological zinc, given the
small number of zinc-based ENMs in the collection. Indeed,
zinc serves as an important regulator of cellular signaling and
gene expression, interacting with various transcription factors
(TFs).>7

The important role of zinc was further highlighted by several
genes encoding for members of the C2H2 zinc finger family
(ZNF408, ZNF76, ZNF189, ZNF157) (Table S1), which we
have recently reported as important regulators of toxicologi-
cally relevant genes activated by ENM exposure, with high
levels of conservation across species.”> Although the data used
in this study is limited to human cells, these findings linking to
zinc homeostasis could also extend to other species given the
conservation of these TFs and the members of the MT
family.”>*® The overrepresentation of MTs and other players
involved in metal homeostasis may also point toward toxicity
mechanisms based on ion release. While this has been
suggested as a major driver of metal ENM toxicity, our
previous analysis of the same data collection did not fully
support this idea.”> Although this cannot be determined
definitively without further experimentation, the signature
observed here could also suggest mechanisms related to
oxidative stress induction and disruption of zinc homeostasis
through other means.

In addition to zinc homeostasis and oxidative stress, other
potential mechanisms arise. For instance, ESRP1 was found to
be predictive of both asthma and lung fibrosis. ESRP1 has been
suggested as the driver of epithelial to mesenchymal transition
(EMT) in certain cancers.””’® EMT, however, is also an
important factor in fibrosis and its role in asthmatic airway
remodeling has been clarified.”'~"* ARNT2 emerged as a
relevant feature for asthma (see Table S1, Supporting
Information). This gene codes for a protein that acts as a
TF which associates with other proteins to regulate gene
expression.”””> Moreover, ARNT2 belongs to the hypoxia
inducible factor (HIF) family, whose best-characterized
member HIF-1a has been linked to asthma and allergic airway
inflammation in various studies.”’””” Similarly, CD14 stood
out among the relevant genes for lung fibrosis. CD14 is mostly
expressed by monocytes, and it primarily mediates innate
immune responses.”’ Increased CD14 expression in the lungs
generally indicates recruitment of monocytes into the lungs, a
clarified driver of lung fibrosis.*""** Moreover, previous studies
have shown higher CD14 expression in myeloid cells extracted
from the lungs of patients suffering from idiopathic pulmonary
fibrosis than in healthy controls.”

RADS52, coding for a DNA repair protein,** appeared among
the top features for genotoxicity, carcinogenicity, immunotox-
icity and overall hazard (Figure 2). All these end points are
associated with DNA damage and DNA repair either directly
or indirectly. While the results suggest that potential DNA
damage response might be captured in the transcriptomics data
set, the mechanisms remain unclear. RADS52 has been
associated with oxidative stress,”> yet the other genes
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postulated to be associated with oxidative stress are not linked
to the expression of RADS2 in the data. Furthermore, ENMs
are known to induce membrane damage®® and they have been
suggested to disturb the cytoskeleton, which can further
interfere with basic cellular functions, including transportation
and cell division.®”*® Damage to organelles, such as lysosomes,
endoplasmic reticulum, and mitochondria disturb cellular
metabolism and induce oxidative stress. This, in turn, impairs
cellular functions and can result in DNA damage, cell cycle
arrest, apoptosis and inflammation.

Interestingly, none of the genes discussed here in relation to
oxidative stress arise among the top features for neurotoxicity
despite a clear mechanistic link.*” Instead, PEX7 encoding a
protein involved in the function of peroxisomes was among the
important features for neurotoxicity (Figure 2). Peroxisomes
are specialized organelles carrying out oxidative functions while
also scavenging reactive oxygen species.”’ Of note, peroxisomal
dysfunction has been linked to neurodegenerative disorders
and cellular aging.”'

While the discussion here revolves primarily around
individual genes, they highlight some important mechanisms
behind various ENM-related toxicity end points, suggesting
that indications of these processes could be captured regardless
of the test system and experimental setup. Hence, these genes
could serve as proxies of ENM hazard, while exposure
associated risks are to be defined on a case-to-case basis.
The identification of these types of gene markers paves the way
for the development of NAMs for the screening of potential
hazards preemptively, while also informing on the mechanism
of ENM-biomolecule interactions. This further supports the
prioritization of ENMs and end points for more thorough
safety assessment.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.5c00841.

Details about the collection of expert opinions;
description of the analysis of the field of studies;
formulation of the response modeling and inference of
the concern levels; details of the comparison of concern
levels with experimental data; description of the
toxicogenomic and nanomaterial descriptors; details of
training and validation of machine learning classifiers;
implementation details of the interactive data viewer;
number of distinct nanomaterials under each category
defined by core material/type; comparison of predicted
cytotoxicity concern levels and experimental evidence
derived from cell viability assays; top 10 most relevant
genes for each endpoint (PDF)

Instructions, and ENM endpoints (XLSX)

B AUTHOR INFORMATION

Corresponding Author

Dario Greco — Finnish Hub for Development and Validation
of Integrated Approaches (FHAIVE), Faculty of Medicine
and Health Technology, Tampere University, Tampere
33520, Finland; Division of Pharmaceutical Biosciences,
Faculty of Pharmacy, University of Helsinki, Helsinki 00790,
Finland; ©® orcid.org/0000-0001-9195-9003;
Email: dario.greco@tuni.fi

https://doi.org/10.1021/acs.est.5c00841
Environ. Sci. Technol. 2025, 59, 14969—14980


https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c00841/suppl_file/es5c00841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c00841/suppl_file/es5c00841_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c00841?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c00841/suppl_file/es5c00841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c00841/suppl_file/es5c00841_si_002.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dario+Greco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9195-9003
mailto:dario.greco@tuni.fi
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c00841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Authors

Faculty of Pharmacy, University of Helsinki, Helsinki 00790,

Laura Aliisa Saarimiki — Finnish Hub for Development and
Validation of Integrated Approaches (FHAIVE), Faculty of
Medicine and Health Technology, Tampere University,
Tampere 33520, Finland; Division of Pharmaceutical
Biosciences, Faculty of Pharmacy, University of Helsinki,
Helsinki 00790, Finland; ©® orcid.org/0000-0003-1996-
286X

Michele Fratello — Finnish Hub for Development and
Validation of Integrated Approaches (FHAIVE), Faculty of
Medicine and Health Technology, Tampere University,
Tampere 33520, Finland

Giusy del Giudice — Finnish Hub for Development and
Validation of Integrated Approaches (FHAIVE), Faculty of
Medicine and Health Technology, Tampere University,
Tampere 33520, Finland; Division of Pharmaceutical
Biosciences, Faculty of Pharmacy, University of Helsinki,
Helsinki 00790, Finland

Emanuele Di Lieto — Finnish Hub for Development and
Validation of Integrated Approaches (FHAIVE), Faculty of
Medicine and Health Technology, Tampere University,
Tampere 33520, Finland

Antreas Afantitis — NovaMechanics Ltd., Nicosia 1068,
Cypms; orcid.org/0000—0002—0977—8 180

Harri Alenius — Institute of Environmental Medicine,
Karolinska Institutet, Stockholm 171 77, Sweden; Human
Microbiome (HUMI) Research Program, Medical Faculty,
University of Helsinki, Helsinki 00290, Finland

Eliodoro Chiavazzo — Politecnico di Torino, Torino 10129,
Italy; ® orcid.org/0000-0001-6165-7434

Mary Gulumian — National Institute for Occupational Health,
National Health Laboratory Services, Johannesburg 2001,
South Africa

Piia Karisola — Human Microbiome (HUMI) Research
Program, Medical Faculty, University of Helsinki, Helsinki
00290, Finland

Iseult Lynch — School of Geography, Earth, and
Environmental Sciences, University of Birmingham,
Birmingham B1S 2TT, UK, ©® orcid.org/0000-0003-
4250-4584

Giulia Mancardi — Politecnico di Torino, Torino 10129, Italy

Georgia Melagraki — Division of Physical Sciences and
Applications, Hellenic Military Academy, Vari 16673,
Greece; © orcid.org/0000-0001-7547-2342

Paolo Netti — Interdisciplinary Research Centre on
Biomaterials-CRIB, University of Napoli Federico I, Napoli
80125, Italy

Anastasios G. Papadiamantis — NovaMechanics Ltd., Nicosia
1065, Cyprus; School of Geography, Earth, and
Environmental Sciences, University of Birmingham,
Birmingham B1S 2TT, UK, ©® orcid.org/0000-0002-
1297-3104

Willie Peijnenburg — Institute of Environmental Sciences,
Leiden University, Leiden 2300 RA, The Netherlands;
National Institute of Public Health and the Environment,
Center for Safety of Products and Substances, Bilthoven 3720
BA, The Netherlands

Hélder A Santos — Department of Biomaterials and
Biomedical Technology, The Personalized Medicine Research
Institute (PRECISION), University Medical Center
Groningen (UMCG), University of Groningen, Groningen
9700 RB, The Netherlands; Drug Research Program,
Division of Pharmaceutical Chemistry and Technology,

Finland; ® orcid.org/0000-0001-7850-6309
Tommaso Serchi — Luxembourg Institute of Science and
Technology, Esch-sur-Alzette 4362, Luxembourg
Mohammad-Ali Shahbazi — Department of Biomaterials and
Biomedical Technology, The Personalized Medicine Research
Institute (PRECISION), University Medical Center
Groningen (UMCG), University of Groningen, Groningen
9700 RB, The Netherlands
Tobias Stoeger — Pneumology Center, Institute of Lung
Health and Immunity, Helmholtz Center Munich, German
and Research Center for Environmental Health, Neuherberg,
German Center for Lung Research (DZL), Munich 85764,
Germany; © orcid.org/0000-0002-2790-0389
Eugenia Valsami-Jones — School of Geography, Earth, and
Environmental Sciences, University of Birmingham,
Birmingham B1S 2TT, UK,; ® orcid.org/0000-0002-
8850-7556
Paola Vivo — Solar Cells, Faculty of Engineering and Natural
Sciences, Tampere University, Tampere 33014, Finland;
orcid.org/0000-0003-2872-6922
Ivana Vinkovic Vrcek — Institute for Medical Research and
Occupational Health, Zagreb HR-10001, Croatia;
orcid.org/0000-0003-1382-5581
Ulla Vogel — National Research Centre for the Working
Environment, Copenhagen O DK-2100, Denmark;
orcid.org/0000-0001-6807-1524
Peter Wick — Laboratory for Particles-Biology Interactions
Swiss Federal Laboratories for Materials Science and
Technology (Empa), St. Gallen 9014, Switzerland;
orcid.org/0000-0002-0079-4344
David A. Winkler — La Trobe Institute of Molecular Science,
La Trobe University, Bundoora 3086, Australia; Monash
Institute of Pharmaceutical Sciences, Monash University,
Parkville 3052, Australia; School of Pharmacy, University of
Nottingham, Nottingham NG7 2QL, UK
Angela Serra — Finnish Hub for Development and Validation
of Integrated Approaches (FHAIVE), Faculty of Medicine
and Health Technology, Tampere University, Tampere
33520, Finland; Division of Pharmaceutical Biosciences,
Faculty of Pharmacy, University of Helsinki, Helsinki 00790,
Finland; Tampere Institute for Advanced Study, Tampere
University, Tampere 33100, Finland

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.5c00841

Author Contributions

L AS. and MF. contributed equally to this work. L.A.S.:
Methodology, Formal Analysis, Investigation, Data Curation,
Writing—Original Draft, Visualization. M.F.: Methodology,
Software, Formal Analysis, Data Curation, Writing—Original
Draft, Visualization. G.d.G.: Investigation, Writing—Original
Draft. E.D.L.: Software, Writing—Original Draft. A.S.:
Methodology, Supervision, Writing—Original Draft. D.G.:
Conceptualization, Methodology, Resources, Supervision,
Funding Acquisition, Writing—Original Draft. A.A, H.A,
E.C, M.G, PK, LL, G.Ma., G.Me., P.N, A.G.P., WP, HA.S.,
TS, MAS, TS, EV], P.V, LV.V, UV, PW, D.AW.: Data
Curation, Writing—Review and Editing,

Notes
The authors declare no competing financial interest.

14976 https://doi.org/10.1021/acs.est.5c00841
Environ. Sci. Technol. 2025, 59, 14969—14980


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Aliisa+Saarima%CC%88ki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1996-286X
https://orcid.org/0000-0003-1996-286X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michele+Fratello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giusy+del+Giudice"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emanuele+Di+Lieto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antreas+Afantitis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0977-8180
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harri+Alenius"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eliodoro+Chiavazzo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6165-7434
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mary+Gulumian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Piia+Karisola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iseult+Lynch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4250-4584
https://orcid.org/0000-0003-4250-4584
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+Mancardi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Georgia+Melagraki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7547-2342
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paolo+Netti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anastasios+G.+Papadiamantis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1297-3104
https://orcid.org/0000-0002-1297-3104
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Willie+Peijnenburg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="He%CC%81lder+A+Santos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7850-6309
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tommaso+Serchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad-Ali+Shahbazi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+Stoeger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2790-0389
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eugenia+Valsami-Jones"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8850-7556
https://orcid.org/0000-0002-8850-7556
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paola+Vivo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2872-6922
https://orcid.org/0000-0003-2872-6922
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivana+Vinkovic%CC%81+Vrc%CC%8Cek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1382-5581
https://orcid.org/0000-0003-1382-5581
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ulla+Vogel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6807-1524
https://orcid.org/0000-0001-6807-1524
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Wick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0079-4344
https://orcid.org/0000-0002-0079-4344
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+A.+Winkler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angela+Serra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c00841?ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c00841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

B ACKNOWLEDGMENTS

Funding for the core work of the questionnaire development
and modeling came from the European Commission Horizon
2020 programme via NanoSolvelT project (Grant Agreement
No. 814572), Horizon Europe programme via projects
INSIGHT (Grant Agreement No. 101137742) and PINK
(Grant Agreement No. 101137809), Horizon 2020 Marie
Sktodowska-Curie Actions Research and Innovation Staff
Exchange (RISE) programme via CompSafeNano (Grant
Agreement No. 101008099), and from the ERC Consolidator
grant for the project Archimedes (Grant Agreement No.
101043848). Additional funding, including for the expert
contributions, came from the following Horizon 2020, Horizon
Europe or national projects: NanoIlnformaTIX (Grant Agree-
ment No. 814426), CHIASMA (Grant Agreement No.
101137613), MACRAME (Grant Agreement No.
101092686), State Secretariat for Education, Research and
Innovation (SERI) No. 23.00141, and FFIKA, Focused
Research Effort on Chemicals in the Working Environment,
from the Danish Government. Moreover, P.V. thanks the
Research Council of Finland, Decision No. 347772. The work
is part of the Research Council of Finland Flagship
Programme, Photonics Research and Innovation (PREIN),
decision number 346511. Finally, the authors express their
gratitude to Dr. Natasha Sanabria for participating in the expert
panel.

B REFERENCES

(1) Afantitis, A.; Melagraki, G.; Isigonis, P.; Tsoumanis, A.; Varsou,
D. D.; Valsami-Jones, E.; Papadiamantis, A.; Ellis, L.-J. A.; Sarimveis,
H.; Doganis, P.; Karatzas, P.; Tsiros, P.; Liampa, I; Lobaskin, V.;
Greco, D.; Serra, A.; Kinaret, P. A. S.; Saarimiki, L. A.; Grafstrom, R.;
Kohonen, P.; Nymark, P.; Willighagen, E.; Puzyn, T.; Rybinska-Fryca,
A.; Lyubartsev, A.; Alstrup Jensen, K,; Brandenburg, J. G.; Lofts, S,;
Svendsen, C.; Harrison, S.; Maier, D.; Tamm, K,; Jénes, J.; Sikk, L.;
Dusinska, M.; Longhin, E; Rundén-Pran, E.; Mariussen, E; El
Yamani, N.; Unger, W.; Radnik, J; Tropsha, A; Cohen, Y,
Leszczynski, J; Ogilvie Hendren, C.; Wiesner, M.; Winkler, D.;
Suzuki, N.; Yoon, T. H.; Choi, J.-S,; Sanabria, N.; Gulumian, M,;
Lynch, I. NanoSolvelT Project: Driving Nanoinformatics Research to
Develop Innovative and Integrated Tools for in Silico Nanosafety
Assessment. Comput. Struct. Biotechnol. J. 2020, 18, 583—602.

(2) Stucki, A. O.; Barton-Maclaren, T. S.; Bhuller, Y.; Henriquez, J.
E.; Henry, T. R,; Hirn, C.; Miller-Holt, J.; Nagy, E. G.; Perron, M. M.;
Ratzlaff, D. E.; Stedeford, T. J.; Clippinger, A. J. Use of New Approach
Methodologies (NAMs) to Meet Regulatory Requirements for the
Assessment of Industrial Chemicals and Pesticides for Effects on
Human Health. Front. Toxicol. 2022, 4, No. 964553.

(3) Mancardi, G.; Mikolajczyk, A.; Annapoorani, V. K; Bahl, A,;
Blekos, K; Burk, J; Cetin, Y. A,; Chairetakis, K; Dutta, S.;
Escorihuela, L.; Jagiello, K; Singhal, A.; van der Pol, R; Banares,
M. A,; Buchete, N.-V,; Calatayud, M.; Dumit, V. L; Gardini, D ;
Jeliazkova, N.; Haase, A.; Marcoulaki, E.;; Martorell, B.; Puzyn, T,;
Agur Sevink, G. J; Simeone, F. C,; Tiamm, K; Chiavazzo, E. A
Computational View on Nanomaterial Intrinsic and Extrinsic Features
for Nanosafety and Sustainability. Mater. Today 2023, 67, 344—370.

(4) Gomes, S. L. L; Campos, E. V. R,; Fraceto, L. F.; Grillo, R;;
Scott-Fordsmand, J. J.; Amorim, M. J. B. High-Throughput Tran-
scriptomics Reveals the Mechanisms of Nanopesticides — Nano-
formulation, Commercial Formulation, Active Ingredient — Finding
Safe and Sustainable-by-Design (SSbD) Options for the Environment.
Environ. Sci. Nano 2022, 9 (6), 2182—2194.

(5) Wyrzykowska, E.; Mikolajczyk, A.; Lynch, L; Jeliazkova, N,;
Kochev, N.; Sarimveis, H.; Doganis, P.; Karatzas, P.; Afantitis, A.;
Melagraki, G.; Serra, A;; Greco, D.; Subbotina, J; Lobaskin, V.;
Banares, M. A,; Valsami-Jones, E.; Jagiello, K.; Puzyn, T. Representing

and Describing Nanomaterials in Predictive Nanoinformatics. Nat.
Nanotechnol. 2022, 17 (9), 924—932.

(6) Saarimiki, L. A.; Federico, A.; Lynch, I; Papadiamantis, A. G;
Tsoumanis, A.; Melagraki, G.; Afantitis, A.; Serra, A; Greco, D.
Manually Curated Transcriptomics Data Collection for Toxicoge-
nomic Assessment of Engineered Nanomaterials. Sci. Data 2021, 8
(1), No. 49.

(7) Rauhut, H.; Lorenz, J. The Wisdom of Crowds in One Mind:
How Individuals Can Simulate the Knowledge of Diverse Societies to
Reach Better Decisions. J. Math. Psychol. 2011, 5§ (2), 191-197.

(8) Chen, H.; De, P.; Hu, Y. J.; Hwang, B.-H. Wisdom of Crowds:
The Value of Stock Opinions Transmitted Through Social Media.
Rev. Financ. Stud. 2014, 27 (5), 1367—1403.

(9) Qu, J.; Meng, X,; Jiang, X.; You, H.; Wang, P.; Shoemaker, C. A.
Effective Aggregation of Expert Opinions to Inform Environmental
Management: An Integrated Fuzzy Group Decision-Making Frame-
work with Application to Cadmium-Contaminated Water Treatment
Alternatives Evaluation. J. Cleaner Prod. 2019, 209, 834—84S.

(10) Nasa, P.; Jain, R; Juneja, D. Delphi Methodology in Healthcare
Research: How to Decide Its Appropriateness. World J. Methodol.
2021, 11 (4), 116—129.

(11) Kirman, C. R;; Boogaard, P. J; Bus, J. S.; Dellarco, V. L.; Shao,
K; Stern, B. R.; Hays, S. M. Derivation of No Significant Risk Levels
for Three Lower Acrylates: Conclusions and Recommendations from
an Expert Panel. Regul. Toxicol. Pharmacol. 2024, 148, No. 105567.

(12) Dart, R. C.; Mullins, M. E.; Matoushek, T.; Ruha, A.-M.; Burns,
M. M.; Simone, K.; Beuhler, M. C.; Heard, K. J.; Mazer-Amirshahi,
M,; Stork, C. M,; Varney, S. M.; Funk, A. R.; Cantrell, L. F.; Cole, J.
B.; Banner, W,; Stolbach, A. I; Hendrickson, R. G.; Lucyk, S. N,;
Sivilotti, M. L. A,; Su, M. K; Nelson, L. S.; Rumack, B. H.
Management of Acetaminophen Poisoning in the US and Canada: A
Consensus Statement. JAMA Network Open 2023, 6 (8),
No. €2327739.

(13) Baugh, C. W.; Levine, M.; Cornutt, D.; Wilson, J. W.; Kwun,
R,; Mahan, C. E; Pollack, C. V,; Marcolini, E. G.; Milling, T. J;
Peacock, W. F.; Rosovsky, R. P.; Wy, F.; Sarode, R.; Spyropoulos, A.
C; Villines, T. C; Woods, T. D.; McManus, J.; Williams, J.
Anticoagulant Reversal Strategies in the Emergency Department
Setting: Recommendations of a Multidisciplinary Expert Panel. Ann.
Emerg. Med. 2020, 76 (4), 470—48S.

(14) Ziehfreund, S.; Tizek, L; Hangel, N.; Fritzsche, M.-C;
Weidinger, S.; Smith, C.; Bryce, Pj,; Greco, D.; van den Bogaard,
Eh,; Flohr, C.; Rastrick (UCB), J.; Eyerich, S.; Buyx, A;; Conrad, C;
Eyerich, K; Zink, A. Requirements and Expectations of High-Quality
Biomarkers for Atopic Dermatitis and Psoriasis in 2021—a Two-
Round Delphi Survey among International Experts. J. Eur. Acad.
Dermatol. Venereol. 2022, 36 (9), 1467—1476.

(15) Green, C.; Bilyanska, A.; Bradley, M.; Dinsdale, J.; Hutt, L.;
Backhaus, T.; Boons, F.; Bott, D.; Collins, C.; Cornell, S. E.; Craig,
M.; Depledge, M.; Diderich, B.; Fuller, R.; Galloway, T. S.; Hutchison,
G. R;; Ingrey, N; Johnson, A. C.; Kupka, R.; Matthiessen, P.; Oliver,
R.; Owen, S.; Owens, S.; Pickett, J.; Robinson, S.; Sims, K.; Smith, P.;
Sumpter, J. P.; Tretsiakova-McNally, S.; Wang, M.; Welton, T.; Willis,
K. J; Lynch, I. A Horizon Scan to Support Chemical Pollution—
Related Policymaking for Sustainable and Climate-Resilient Econo-
mies. Environ. Toxicol. Chem. 2023, 42 (6), 1212—1228.

(16) Berube, D.; Cummings, C.; Cacciatore, M.; Scheufele, D.;
Kalin, J. Characteristics and Classification of Nanoparticles: Expert
Delphi Survey. Nanotoxicology 2011, S (2), 236—243.

(17) Husby, S; Koletzko, S.; Korponay-Szabé, L; Kurppa, K;
Mearin, M. L.; Ribes-Koninckx, C.; Shamir, R.; Troncone, R;
Auricchio, R.; Castillejo, G.; Christensen, R.; Dolinsek, J.; Gillett, P.;
Hrébjartsson, A.; Koltai, T.; Maki, M.; Nielsen, S. M.; Popp, A,;
Stordal, K.; Werkstetter, K.; Wessels, M. European Society Paediatric
Gastroenterology, Hepatology and Nutrition Guidelines for Diagnos-
ing Coeliac Disease 2020. J. Pediatr. Gastroenterol. Nutr. 2020, 70 (1),
141-156.

(18) Whitehill, J.; Wu, T.; Bergsma, J.; Movellan, J.; Ruvolo, P. In
Whose Vote Should Count More: Optimal Integration of Labels from

https://doi.org/10.1021/acs.est.5c00841
Environ. Sci. Technol. 2025, 59, 14969—14980


https://doi.org/10.1016/j.csbj.2020.02.023
https://doi.org/10.1016/j.csbj.2020.02.023
https://doi.org/10.1016/j.csbj.2020.02.023
https://doi.org/10.3389/ftox.2022.964553
https://doi.org/10.3389/ftox.2022.964553
https://doi.org/10.3389/ftox.2022.964553
https://doi.org/10.3389/ftox.2022.964553
https://doi.org/10.1016/j.mattod.2023.05.029
https://doi.org/10.1016/j.mattod.2023.05.029
https://doi.org/10.1016/j.mattod.2023.05.029
https://doi.org/10.1039/D1EN00735A
https://doi.org/10.1039/D1EN00735A
https://doi.org/10.1039/D1EN00735A
https://doi.org/10.1039/D1EN00735A
https://doi.org/10.1038/s41565-022-01173-6
https://doi.org/10.1038/s41565-022-01173-6
https://doi.org/10.1038/s41597-021-00808-y
https://doi.org/10.1038/s41597-021-00808-y
https://doi.org/10.1016/j.jmp.2010.10.002
https://doi.org/10.1016/j.jmp.2010.10.002
https://doi.org/10.1016/j.jmp.2010.10.002
https://doi.org/10.1093/rfs/hhu001
https://doi.org/10.1093/rfs/hhu001
https://doi.org/10.1016/j.jclepro.2018.10.277
https://doi.org/10.1016/j.jclepro.2018.10.277
https://doi.org/10.1016/j.jclepro.2018.10.277
https://doi.org/10.1016/j.jclepro.2018.10.277
https://doi.org/10.5662/wjm.v11.i4.116
https://doi.org/10.5662/wjm.v11.i4.116
https://doi.org/10.1016/j.yrtph.2024.105567
https://doi.org/10.1016/j.yrtph.2024.105567
https://doi.org/10.1016/j.yrtph.2024.105567
https://doi.org/10.1001/jamanetworkopen.2023.27739
https://doi.org/10.1001/jamanetworkopen.2023.27739
https://doi.org/10.1016/j.annemergmed.2019.09.001
https://doi.org/10.1016/j.annemergmed.2019.09.001
https://doi.org/10.1111/jdv.18178
https://doi.org/10.1111/jdv.18178
https://doi.org/10.1111/jdv.18178
https://doi.org/10.1002/etc.5620
https://doi.org/10.1002/etc.5620
https://doi.org/10.1002/etc.5620
https://doi.org/10.3109/17435390.2010.521633
https://doi.org/10.3109/17435390.2010.521633
https://doi.org/10.1097/MPG.0000000000002497
https://doi.org/10.1097/MPG.0000000000002497
https://doi.org/10.1097/MPG.0000000000002497
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c00841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Labelers of Unknown Expertise, Advances in Neural Information
Processing Systems 22; Curran Associates, Inc., 2009; pp 2035—2043.

(19) Blei, D. M.; Kucukelbir, A.; McAuliffe, J. D. Variational
Inference: A Review for Statisticians. J. Am. Stat. Assoc. 2017, 112
(518), 859—877.

(20) Ganguly, A.; Jain, S.; Watchareeruetai, U. Amortized Varia-
tional Inference: A Systematic Review. J. Artif. Intell. Res. 2023, 78,
167-215.

(21) Bingham, E.; Chen, J. P.; Jankowiak, M.; Obermeyer, F.;
Pradhan, N.; Karaletsos, T.; Singh, R.; Szerlip, P.; Horsfall, P.;
Goodman, N. D. Pyro: Deep Universal Probabilistic Programming. J.
Mach. Learn. Res. 2019, 20 (28), 1—6.

(22) Labouta, H. I; Asgarian, N.; Rinker, K,; Cramb, D. T. Meta-
Analysis of Nanoparticle Cytotoxicity via Data-Mining the Literature.
ACS Nano 2019, 13 (2), 1583—1594.

(23) Saarimaki, L. A.; Federico, A.; Lynch, L; Papadiamantis, A. G.;
Tsoumanis, A.; Melagraki, G.; Afantitis, A,; Serra, A; Greco,
D.Manually Curated Transcriptomics Data Collection for Toxicoge-
nomic Assessment of Engineered Nanomaterials. 2020
DOI: 10.5281/zenodo.6425445.

(24) Gallud, A.; Delaval, M.; Kinaret, P.; Marwah, V. S.; Fortino, V.;
Ytterberg, J.; Zubarev, R.; Skoog, T.; Kere, J.; Correia, M.; Loeschner,
K.; Al-Ahmady, Z.; Kostarelos, K.; Ruiz, J.; Astruc, D.; Monopoli, M.;
Handy, R.;; Moya, S.; Savolainen, K.; Alenius, H.; Greco, D.; Fadeel,
B. Multiparametric Profiling of Engineered Nanomaterials: Unmask-
ing the Surface Coating Effect. Adv. Sci. 2020, 7 (22), No. 2002221.

(25) del Giudice, G.; Serra, A.; Saarimiki, L. A.; Kotsis, K.; Rouse, L;
Colibaba, S. A.; Jagiello, K.; Mikolajczyk, A.; Fratello, M,;
Papadiamantis, A. G.; Sanabria, N.; Annala, M. E.; Morikka, J;
Kinaret, P. a. S.; Voyiatzis, E.; Melagraki, G.; Afantitis, A.; Tamm, K;
Puzyn, T.; Gulumian, M.; Lobaskin, V.; Lynch, I; Federico, A.; Greco,
D. An Ancestral Molecular Response to Nanomaterial Particulates.
Nat. Nanotechnol. 2023, 18 (8), 957—966.

(26) del Giudice, G.; Greco, D.Data & Code Repository for the
Article “An Ancestral Molecular Response to Nanomaterial
Particulates. 2023 DOI: 10.5281/zenodo.7674574.

(27) Friedman, J. H. Greedy Function Approximation: A Gradient
Boosting Machine. Ann. Stat. 2001, 29 (S), 1189—1232.

(28) Chen, T.; Guestrin, C. In XGBoost: A Scalable Tree Boosting
System, Proceedings of the 22nd ACM SIGKDD International
Conference on Knowledge Discovery and Data Mining; KDD ’16;
Association for Computing Machinery: New York, NY, USA, 2016;
pp 785—794.

(29) Pavlidis, P.; Weston, J; Cai, J; Grundy, W. N. In Gene
Functional Classification from Heterogeneous Data, Proceedings of the
Fifth Annual International Conference on Computational Biology;
RECOMB °01; Association for Computing Machinery: New York,
NY, USA, 2001; pp 249-255.

(30) Lebre, F.; Chatterjee, N.; Costa, S.; Fernindez-de-Gortari, E.;
Lopes, C.; Meneses, J.; Ortiz, L.; Ribeiro, A. R.; Vilas-Boas, V.; Alfaro-
Moreno, E. Nanosafety: An Evolving Concept to Bring the Safest
Possible Nanomaterials to Society and Environment. Nanomaterials
2022, 12 (11), No. 1810.

(31) Felley-Bosco, E.; MacFarlane, M. Asbestos: Modern Insights for
Toxicology in the Era of Engineered Nanomaterials. Chem. Res.
Toxicol. 2018, 31 (10), 994—1008.

(32) Kane, A. B,; Hurt, R. H; Gao, H. The Asbestos-Carbon
Nanotube Analogy: An Update. Toxicol. Appl. Pharmacol. 2018, 361,
68—80.

(33) Rydman, E. M,; Ilves, M.; Vanhala, E.; Vippola, M.; Lehto, M.;
Kinaret, P. A. S.; Pylkkinen, L.; Happo, M.; Hirvonen, M.-R.; Greco,
D.; Savolainen, K.; Wolff, H.; Alenius, H. A Single Aspiration of Rod-
like Carbon Nanotubes Induces Asbestos-like Pulmonary Inflamma-
tion Mediated in Part by the IL-1 Receptor. Toxicol. Sci. 2015, 147
(1), 140—15s. 5

(34) Mlinari¢, A.,; Horvat, M.; Supak Smol¢i¢, V. Dealing with the
Positive Publication Bias: Why You Should Really Publish Your
Negative Results. Biochem. Medica 2017, 27 (3), 447—452.

(35) Lewinski, N.; Colvin, V.; Drezek, R. Cytotoxicity of
Nanoparticles. Small 2008, 4 (1), 26—49.

(36) Gadarowska, D.; Kalka, J; Daniel- Woéjcik, A; Mrzyk, L
Alternative Methods for Skin-Sensitization Assessment. Toxics 2022,
10 (12), No. 740.

(37) Kim, S.-H,; Lee, D.; Lee, J.; Yang, J.-Y.; Seok, J.; Jung, K; Lee, J.
Evaluation of the Skin Sensitization Potential of Metal Oxide
Nanoparticles Using the ARE-Nrf2 Luciferase KeratinoSensTM
Assay. Toxicol. Res. 2021, 37 (2), 277—284.

(38) Johansson, H.; Gradin, R.; Johansson, A.; Adriaens, E.;
Edwards, A.; Zuckerstitter, V.; Jerre, A.; Burleson, F.; Gehrke, H.;
Roggen, E. L. Validation of the GARDskin Assay for Assessment of
Chemical Skin Sensitizers: Ring Trial Results of Predictive Perform-
ance and Reproducibility. Toxicol. Sci. 2019, 170 (2), 374—381.

(39) Teleanu, D. M,; Chircov, C.; Grumezescu, A. M.; Teleanu, R. 1.
Neurotoxicity of Nanomaterials: An Up-to-Date Overview. Nanoma-
terials 2019, 9 (1), No. 96.

(40) Kavasi, R.-M.; Coelho, C. C.; Platania, V.; Quadros, P. A;
Chatzinikolaidou, M. In Vitro Biocompatibility Assessment of Nano-
Hydroxyapatite. Nanomaterials 2021, 11 (S), No. 1152.

(41) Lowe, B,; Hardy, J. G; Walsh, L. J. Optimizing Nano-
hydroxyapatite Nanocomposites for Bone Tissue Engineering. ACS
Omega 2020, 5 (1), 1-9.

(42) Safitri, N; Rauf, N.; Tahir, D. Enhancing Drug Loading and
Release with Hydroxyapatite Nanoparticles for Efficient Drug
Delivery: A Review Synthesis Methods, Surface Ion Effects, and
Clinical Prospects. J. Drug Delivery Sci. Technol. 2023, 90, No. 105092.

(43) Bansal, S. A.; Kumar, V.; Karimi, J.; Pal Singh, A.; Kumar, S.
Role of Gold Nanoparticles in Advanced Biomedical Applications.
Nanoscale Adv. 2020, 2 (9), 3764—3787.

(44) Cardoso, A. M. L.; Oliveira, E. E; Machado, B. A. S;
Marcelino, H. R. Eudragit-Based Nanoparticles for Controlled Release
through Topical Use. J. Nanopart. Res. 2023, 25 (2), No. 32.

(4S) Ziental, D.; Czarczynska-Goslinska, B.; Mlynarczyk, D. T.;
Glowacka-Sobotta, A.; Stanisz, B.; Goslinski, T.; Sobotta, L. Titanium
Dioxide Nanoparticles: Prospects and Applications in Medicine.
Nanomaterials 2020, 10 (2), No. 387.

(46) Ayorinde, T.; Sayes, C. M. An Updated Review of Industrially
Relevant Titanjum Dioxide and Its Environmental Health Effects. J.
Hazard. Mater. Lett. 2023, 4, No. 100085.

(47) Shabbir, S.; Kulyar, M. F.-A.; Bhutta, Z. A.; Boruah, P.; Asif, M.
Toxicological Consequences of Titanium Dioxide Nanoparticles
(TiO2NPs) and Their Jeopardy to Human Population. BioNano-
Science 2021, 11 (2), 621—632.

(48) Luo, Z.; Li, Z; Xie, Z.; Sokolova, I. M.; Song, L.; Peijnenburg,
W. J. G. M;; Hu, M;; Wang, Y. Rethinking Nano-TiO2 Safety:
Overview of Toxic Effects in Humans and Aquatic Animals. Small
2020, 16 (36), No. 2002019.

(49) Kose, O.; Tomatis, M.; Leclerc, L.; Belblidia, N.-B.; Hochepied,
J.-E; Turci, F,; Pourchez, J.; Forest, V. Impact of the Physicochemical
Features of TiO2 Nanoparticles on Their In Vitro Toxicity. Chem.
Res. Toxicol. 2020, 33 (9), 2324—2337.

(50) Zhang, J.; Shi, J.; Han, S.; Zheng, P.; Chen, Z; Jia, G. Titanium
Dioxide Nanoparticles Induced Reactive Oxygen Species (ROS)
Related Changes of Metabolomics Signatures in Human Normal
Bronchial Epithelial (BEAS-2B) Cells. Toxicol. Appl. Pharmacol. 2022,
444, No. 116020.

(51) Kong, L.; Barber, T.; Aldinger, J.; Bowman, L.; Leonard, S,;
Zhao, ].; Ding, M. ROS Generation Is Involved in Titanium Dioxide
Nanoparticle-Induced AP-1 Activation through P38 MAPK and ERK
Pathways in JB6 Cells. Environ. Toxicol. 2022, 37 (2), 237—244.

(52) EFSA Panel on Food Additives and Flavourings (FAF);
Younes, M.; Aquilina, G.; Castle, L.; Engel, K.-H.; Fowler, P.; Frutos
Fernandez, M. J.; Fiirst, P.; Gundert-Remy, U.; Giirtler, R.; Husoy, T;
Manco, M.; Mennes, W.; Moldeus, P.; Passamonti, S.; Shah, R;
Waalkens-Berendsen, 1.; Wélfle, D.; Corsini, E.; Cubadda, F.; De
Groot, D.; FitzGerald, R;; Gunnare, S.; Gutleb, A. C,; Mast, J.;
Mortensen, A.; Oomen, A.; Piersma, A.; Plichta, V.; Ulbrich, B.; Van
Loveren, H.; Benford, D.; Bignami, M.; Bolognesi, C.; Crebelli, R;;

https://doi.org/10.1021/acs.est.5c00841
Environ. Sci. Technol. 2025, 59, 14969—14980


https://doi.org/10.1080/01621459.2017.1285773
https://doi.org/10.1080/01621459.2017.1285773
https://doi.org/10.1613/jair.1.14258
https://doi.org/10.1613/jair.1.14258
https://doi.org/10.1021/acsnano.8b07562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b07562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5281/zenodo.6425445
https://doi.org/10.5281/zenodo.6425445
https://doi.org/10.5281/zenodo.6425445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.202002221
https://doi.org/10.1002/advs.202002221
https://doi.org/10.1038/s41565-023-01393-4
https://doi.org/10.5281/zenodo.7674574
https://doi.org/10.5281/zenodo.7674574
https://doi.org/10.5281/zenodo.7674574
https://doi.org/10.5281/zenodo.7674574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1214/aos/1013203451
https://doi.org/10.1214/aos/1013203451
https://doi.org/10.3390/nano12111810
https://doi.org/10.3390/nano12111810
https://doi.org/10.1021/acs.chemrestox.8b00146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.8b00146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.taap.2018.06.027
https://doi.org/10.1016/j.taap.2018.06.027
https://doi.org/10.1093/toxsci/kfv112
https://doi.org/10.1093/toxsci/kfv112
https://doi.org/10.1093/toxsci/kfv112
https://doi.org/10.11613/BM.2017.030201
https://doi.org/10.11613/BM.2017.030201
https://doi.org/10.11613/BM.2017.030201
https://doi.org/10.1002/smll.200700595
https://doi.org/10.1002/smll.200700595
https://doi.org/10.3390/toxics10120740
https://doi.org/10.1007/s43188-020-00071-0
https://doi.org/10.1007/s43188-020-00071-0
https://doi.org/10.1007/s43188-020-00071-0
https://doi.org/10.1093/toxsci/kfz108
https://doi.org/10.1093/toxsci/kfz108
https://doi.org/10.1093/toxsci/kfz108
https://doi.org/10.3390/nano9010096
https://doi.org/10.3390/nano11051152
https://doi.org/10.3390/nano11051152
https://doi.org/10.1021/acsomega.9b02917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b02917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jddst.2023.105092
https://doi.org/10.1016/j.jddst.2023.105092
https://doi.org/10.1016/j.jddst.2023.105092
https://doi.org/10.1016/j.jddst.2023.105092
https://doi.org/10.1039/D0NA00472C
https://doi.org/10.1007/s11051-023-05678-6
https://doi.org/10.1007/s11051-023-05678-6
https://doi.org/10.3390/nano10020387
https://doi.org/10.3390/nano10020387
https://doi.org/10.1016/j.hazl.2023.100085
https://doi.org/10.1016/j.hazl.2023.100085
https://doi.org/10.1007/s12668-021-00836-3
https://doi.org/10.1007/s12668-021-00836-3
https://doi.org/10.1002/smll.202002019
https://doi.org/10.1002/smll.202002019
https://doi.org/10.1021/acs.chemrestox.0c00106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.0c00106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.taap.2022.116020
https://doi.org/10.1016/j.taap.2022.116020
https://doi.org/10.1016/j.taap.2022.116020
https://doi.org/10.1016/j.taap.2022.116020
https://doi.org/10.1002/tox.23393
https://doi.org/10.1002/tox.23393
https://doi.org/10.1002/tox.23393
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c00841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Dusinska, M.; Marcon, F.; Nielsen, E.; Schlatter, J.; Vleminckx, C.;
Barmaz, S.; Carfi, M,; Civitella, C.; Giarola, A,; Rincon, A. M,
Serafimova, R.; Smeraldi, C.; Tarazona, J.; Tard, A.; Wright, M. Safety
Assessment of Titanium Dioxide (E171) as a Food Additive. EFSA J.
2021, 19 (5), No. e0658S.

(53) Zhao, L.; Guo, Z.; Wu, H,; Wang, Y.; Zhang, H.; Liu, R. New
Insights into the Release Mechanism of Cd2+ from CdTe Quantum
Dots within Single Cells in Situ. Ecotoxicol. Environ. Saf. 2020, 196,
No. 110569.

(54) Naz, S.; Gul, A; Zia, M. Toxicity of Copper Oxide
Nanoparticles: A Review Study. IET Nanobiotechnol. 2020, 14 (1),
1-13.

(55) El Yamani, N.; Rundén-Pran, E.; Varet, J.; Beus, M.; Dusinska,
M.; Fessard, V.; Moschini, E.; Serchi, T.; Cimpan, M. R.; Lynch, I;
Vinkovic Vrcek, I. Hazard Assessment of Nanomaterials Using in Vitro
Toxicity Assays: Guidance on Potential Assay Interferences and
Mitigating Actions to Avoid Biased Results. Nano Today 2024, SS,
No. 102218.

(56) van Rijn, J.; Afantitis, A.; Culha, M.; Dusinska, M.; Exner, T. E.;
Jeliazkova, N.; Longhin, E. M.; Lynch, I; Melagraki, G.; Nymark, P.;
Papadiamantis, A. G.; Winkler, D. A,; Yilmaz, H.; Willighagen, E.
European Registry of Materials: Global, Unique Identifiers for
(Undisclosed) Nanomaterials. J. Cheminf. 2022, 14 (1), No. 57.

(57) Fortino, V.; Kinaret, P. A. S.; Fratello, M.; Serra, A.; Saarimiki,
L. A; Gallud, A; Gupta, G.; Vales, G.; Correia, M.; Rasool, O.;
Ytterberg, J.; Monopoli, M.; Skoog, T.; Ritchie, P.; Moya, S.; Vizquez-
Campos, S.; Handy, R; Grafstrom, R,; Tran, L.; Zubarev, R;
Lahesmaa, R.; Dawson, K.; Loeschner, K.; Larsen, E. H.; Krombach,
F.; Norppa, H.; Kere, J.; Savolainen, K; Alenius, H.; Fadeel, B,;
Greco, D. Biomarkers of Nanomaterials Hazard from Multi-Layer
Data. Nat. Commun. 2022, 13 (1), No. 3798.

(58) Kinaret, P.; Marwah, V.; Fortino, V.; Ilves, M.; Wolff, H.;
Ruokolainen, L.; Auvinen, P.; Savolainen, K.; Alenius, H.; Greco, D.
Network Analysis Reveals Similar Transcriptomic Responses to
Intrinsic Properties of Carbon Nanomaterials in Vitro and in Vivo.
ACS Nano 2017, 11 (4), 3786—3796.

(59) Jagiello, K.; Halappanavar, S.; Rybinska-Fryca, A.; Willliams, A.;
Vogel, U,; Puzyn, T. Transcriptomics-Based and AOP-Informed
Structure—Activity Relationships to Predict Pulmonary Pathology
Induced by Multiwalled Carbon Nanotubes. Small 2021, 17 (15),
No. 2003465.

(60) Saarimiki, L. A,; Morikka, J.; Pavel, A.; Korpilihde, S.; del
Giudice, G.; Federico, A.; Fratello, M.; Serra, A.; Greco, D.
Toxicogenomics Data for Chemical Safety Assessment and Develop-
ment of New Approach Methodologies: An Adverse Outcome
Pathway-Based Approach. Adv. Sci. 2023, 10 (2), No. 2203984.

(61) Coyle, P.; Philcox, J. C; Carey, L. C; Rofe, A. M.
Metallothionein: The Multipurpose Protein. Cell. Mol. Life Sci.
(CMLS) 2002, 59 (4), 627—647.

(62) Chen, R.-F.; Chen, P.-M,; Pan, C.-S.; Huang, C.-C.; Chiang, E.-
P. 1. Association of Metallothionein 2A Rs10636 with Low Mean
Corpuscular Volume (MCV), Low Mean Corpuscular Haemoglobin
(MCH) in Healthy Taiwanese. Sci. Rep. 2023, 13 (1), No. 1292.

(63) Marreiro, D. D. N.; Cruz, K. J. C.; Morais, J. B. S.; Beserra, J. B.;
Severo, J. S.; De Oliveira, A. R. S. Zinc and Oxidative Stress: Current
Mechanisms. Antioxidants 2017, 6 (2), No. 24.

(64) Nishito, Y.; Kambe, T. Zinc Transporter 1 (ZNT1) Expression
on the Cell Surface Is Elaborately Controlled by Cellular Zinc Levels.
J. Biol. Chem. 2019, 294 (43), 15686—15697.

(65) Palmiter, R. D. Protection against Zinc Toxicity by Metal-
lothionein and Zinc Transporter 1. Proc. Natl. Acad. Sci. U.S.A. 2004,
101 (14), 4918—4923.

(66) Rakhra, G.; Rakhra, G. Zinc Finger Proteins: Insights into the
Transcriptional and Post Transcriptional Regulation of Immune
Response. Mol. Biol. Rep. 2021, 48 (7), 5735—5743.

(67) Hara, T.; Takeda, T.; Takagishi, T.; Fukue, K; Kambe, T,;
Fukada, T. Physiological Roles of Zinc Transporters: Molecular and
Genetic Importance in Zinc Homeostasis. J. Physiol. Sci. 2017, 67 (2),
283—-301.

(68) Nielsen, A. E.; Bohr, A.; Penkowa, M. The Balance between
Life and Death of Cells: Roles of Metallothioneins. Biomarker Insights
2006, 1, No. 117727190600100016.

(69) Vadlamudi, Y.; Dey, D. K; Kang, S. C. Emerging Multi-Cancer
Regulatory Role of ESRP1: Orchestration of Alternative Splicing to
Control EMT. Curr. Cancer Drug Targets 2020, 20 (9), 654—665.

(70) Lekva, T.; Berg, J. P.; Fougner, S. L.; Olstad, O. K; Ueland, T ;
Bollerslev, J. Gene Expression Profiling Identifies ESRP1 as a
Potential Regulator of Epithelial Mesenchymal Transition in
Somatotroph Adenomas from a Large Cohort of Patients with
Acromegaly. J. Clin. Endocrinol. Metab. 2012, 97 (8), E1506—E1514.

(71) Liw, L; Sun, Q; Davis, F,; Mao, J; Zhao, H; Ma, D.
Epithelial—Mesenchymal Transition in Organ Fibrosis Development:
Current Understanding and Treatment Strategies. Burns Trauma
2022, 10, No. tkac011.

(72) Sun, Z,; Ji, N; Ma, Q;; Zhu, R;; Chen, Z.; Wang, Z.; Qian, Y.;
Wu, C; Hu, F,; Huang, M,; Zhang, M. Epithelial-Mesenchymal
Transition in Asthma Airway Remodeling Is Regulated by the IL-33/
CD146 Axis. Front. Immunol. 2020, 11, No. 1598.

(73) Mottais, A.; Riberi, L.; Falco, A.; Soccal, S.; Gohy, S.; De Rose,
V. Epithelial-Mesenchymal Transition Mechanisms in Chronic
Airway Diseases: A Common Process to Target? Int. J. Mol. Sci.
2023, 24 (15), No. 12412.

(74) Maltepe, E.; Keith, B.; Arsham, A. M.; Brorson, J. R.; Simon, M.
C. The Role of ARNT2 in Tumor Angiogenesis and the Neural
Response to Hypoxia. Biochem. Biophys. Res. Commun. 2000, 273 (1),
231-238.

(75) Sun, X; Jing, L; Li, F; Zhang, M.; Diao, X; Zhuang, J;
Rastinejad, F.; Wu, D. Structures of NPAS4-ARNT and NPAS4-
ARNT?2 Heterodimers Reveal New Dimerization Modalities in the
bHLH-PAS Transcription Factor Family. Proc. Natl. Acad. Sci. U.S.A.
2022, 119 (46), No. €2208804119.

(76) Rankin, E. B.; Giaccia, A. J. The Role of Hypoxia-Inducible
Factors in Tumorigenesis. Cell Death Differ. 2008, 15 (4), 678—68S.

(77) Huerta-Yepez, S.; Baay-Guzman, G. J; Bebenek, L. G.;
Hernandez-Pando, R.; Vega, M. L; Chi, L,; Ried], M.; Diaz-Sanchez,
D.; Kleerup, E.; Tashkin, D. P.; Gonzalez, F. J.; Bonavida, B.; Zeidler,
M.,; Hankinson, O. Hypoxia Inducible Factor Promotes Murine
Allergic Airway Inflammation and Is Increased in Asthma and
Rhinitis. Allergy 2011, 66 (7), 909—918.

(78) Kim, S. R;; Lee, K. S.; Park, H. S.; Park, S. J.; Min, K. H.; Moon,
H.,; Puri, K. D; Lee, Y. C. HIF-1a Inhibition Ameliorates an Allergic
Airway Disease via VEGF Suppression in Bronchial Epithelium. Eur. J.
Immunol. 2010, 40 (10), 2858—2869.

(79) Dewitz, C.; McEachern, E.; Shin, S.; Akong, K; Nagle, D. G.;
Broide, D. H.; Akuthota, P.; Alexander, L. E. C. Hypoxia-Inducible
Factor-la Inhibition Modulates Airway Hyperresponsiveness and
Nitric Oxide Levels in a BALB/c Mouse Model of Asthma. Clin.
Immunol. 2017, 176, 94—99.

(80) Sharygin, D.; Koniaris, L. G.; Wells, C.; Zimmers, T. A;
Hamidi, T. Role of CD14 in Human Disease. Immunology 2023, 169
(3), 260—270.

(81) Misharin, A. V.; Morales-Nebreda, L.; Reyfman, P. A.; Cuda, C.
M.; Walter, J. M.; McQuattie-Pimentel, A. C.; Chen, C.-L; Anekalla,
K. R;; Joshi, N; Williams, K. J. N.; Abdala-Valencia, H.; Yacoub, T. J.;
Chi, M.; Chiu, S.; Gonzalez-Gonzalez, F. J.; Gates, K;; Lam, A. P,;
Nicholson, T. T.; Homan, P. J.; Soberanes, S.; Dominguez, S,;
Morgan, V. K,; Saber, R.; Shaffer, A.; Hinchcliff, M.; Marshall, S. A,;
Bharat, A.; Berdnikovs, S.; Bhorade, S. M.; Bartom, E. T.; Morimoto,
R. L; Balch, W. E.; Sznajder, J. I; Chandel, N. S.; Mutlu, G. M.; Jain,
M,; Gottardi, C. J; Singer, B. D,; Ridge, K. M.; Bagheri, N,;
Shilatifard, A.; Budinger, G. R. S.; Perlman, H. Monocyte-Derived
Alveolar Macrophages Drive Lung Fibrosis and Persist in the Lung
over the Life Span. J. Exp. Med. 2017, 214 (8), 2387—2404.

(82) Bain, C. C; MacDonald, A. S. The Impact of the Lung
Environment on Macrophage Development, Activation and Function:
Diversity in the Face of Adversity. Mucosal Immunol. 2022, 15 (2),
223-234.

https://doi.org/10.1021/acs.est.5c00841
Environ. Sci. Technol. 2025, 59, 14969—14980


https://doi.org/10.2903/j.efsa.2021.6585
https://doi.org/10.2903/j.efsa.2021.6585
https://doi.org/10.1016/j.ecoenv.2020.110569
https://doi.org/10.1016/j.ecoenv.2020.110569
https://doi.org/10.1016/j.ecoenv.2020.110569
https://doi.org/10.1049/iet-nbt.2019.0176
https://doi.org/10.1049/iet-nbt.2019.0176
https://doi.org/10.1016/j.nantod.2024.102215
https://doi.org/10.1016/j.nantod.2024.102215
https://doi.org/10.1016/j.nantod.2024.102215
https://doi.org/10.1186/s13321-022-00614-7
https://doi.org/10.1186/s13321-022-00614-7
https://doi.org/10.1038/s41467-022-31609-5
https://doi.org/10.1038/s41467-022-31609-5
https://doi.org/10.1021/acsnano.6b08650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b08650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202003465
https://doi.org/10.1002/smll.202003465
https://doi.org/10.1002/smll.202003465
https://doi.org/10.1002/advs.202203984
https://doi.org/10.1002/advs.202203984
https://doi.org/10.1002/advs.202203984
https://doi.org/10.1007/s00018-002-8454-2
https://doi.org/10.1038/s41598-022-27304-6
https://doi.org/10.1038/s41598-022-27304-6
https://doi.org/10.1038/s41598-022-27304-6
https://doi.org/10.3390/antiox6020024
https://doi.org/10.3390/antiox6020024
https://doi.org/10.1074/jbc.RA119.010227
https://doi.org/10.1074/jbc.RA119.010227
https://doi.org/10.1073/pnas.0401022101
https://doi.org/10.1073/pnas.0401022101
https://doi.org/10.1007/s11033-021-06556-x
https://doi.org/10.1007/s11033-021-06556-x
https://doi.org/10.1007/s11033-021-06556-x
https://doi.org/10.1007/s12576-017-0521-4
https://doi.org/10.1007/s12576-017-0521-4
https://doi.org/10.1177/117727190600100016
https://doi.org/10.1177/117727190600100016
https://doi.org/10.2174/1568009620666200621153831
https://doi.org/10.2174/1568009620666200621153831
https://doi.org/10.2174/1568009620666200621153831
https://doi.org/10.1210/jc.2012-1760
https://doi.org/10.1210/jc.2012-1760
https://doi.org/10.1210/jc.2012-1760
https://doi.org/10.1210/jc.2012-1760
https://doi.org/10.1093/burnst/tkac011
https://doi.org/10.1093/burnst/tkac011
https://doi.org/10.3389/fimmu.2020.01598
https://doi.org/10.3389/fimmu.2020.01598
https://doi.org/10.3389/fimmu.2020.01598
https://doi.org/10.3390/ijms241512412
https://doi.org/10.3390/ijms241512412
https://doi.org/10.1006/bbrc.2000.2928
https://doi.org/10.1006/bbrc.2000.2928
https://doi.org/10.1073/pnas.2208804119
https://doi.org/10.1073/pnas.2208804119
https://doi.org/10.1073/pnas.2208804119
https://doi.org/10.1038/cdd.2008.21
https://doi.org/10.1038/cdd.2008.21
https://doi.org/10.1111/j.1398-9995.2011.02594.x
https://doi.org/10.1111/j.1398-9995.2011.02594.x
https://doi.org/10.1111/j.1398-9995.2011.02594.x
https://doi.org/10.1002/eji.200939948
https://doi.org/10.1002/eji.200939948
https://doi.org/10.1016/j.clim.2017.01.002
https://doi.org/10.1016/j.clim.2017.01.002
https://doi.org/10.1016/j.clim.2017.01.002
https://doi.org/10.1111/imm.13634
https://doi.org/10.1084/jem.20162152
https://doi.org/10.1084/jem.20162152
https://doi.org/10.1084/jem.20162152
https://doi.org/10.1038/s41385-021-00480-w
https://doi.org/10.1038/s41385-021-00480-w
https://doi.org/10.1038/s41385-021-00480-w
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c00841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(83) Fraser, E; Denney, L; Antanaviciute, A, Blirando, K;
Vuppusetty, C.; Zheng, Y.; Repapi, E.; Iotchkova, V.; Taylor, S,;
Ashley, N.; Noble, V., St; Benamore, R.; Hoyles, R.; Clelland, C,;
Rastrick, J. M. D.; Hardman, C. S;; Alham, N. K; Rigby, R. E;
Simmons, A.; Rehwinkel, J.; Ho, L.-P. Multi-Modal Characterization
of Monocytes in Idiopathic Pulmonary Fibrosis Reveals a Primed
Type I Interferon Immune Phenotype. Front. Immunol. 2021, 12,
No. 623430.

(84) Nogueira, A; Fernandes, M.; Catarino, R.; Medeiros, R.
RADS2 Functions in Homologous Recombination and Its Importance
on Genomic Integrity Maintenance and Cancer Therapy. Cancers
2019, 11 (11), No. 1622.

(85) de Souza-Pinto, N. C.; Maynard, S.; Hashiguchi, K; Hu, J;
Muftuoglu, M.; Bohr, V. A. The Recombination Protein RADS2
Cooperates with the Excision Repair Protein OGG1 for the Repair of
Oxidative Lesions in Mammalian Cells. Mol. Cell. Biol. 2009, 29 (16),
4441—4454.

(86) Er-Rafik, M; Ferji, K.; Combet, J.; Sandre, O.; Lecommandoux,
S.; Schmutz, M.; Meins, J.-F. L; M Marques, C. Tear of Lipid
Membranes by Nanoparticles. Soft Matter 2022, 18 (17), 3318—3322.

(87) Déciga-Alcaraz, A.; Delgado-Buenrostro, N. L.; Ispanixtlahuatl-
Meraz, O.; Freyre-Fonseca, V.; Flores-Flores, J. O.; Ganem-Rondero,
A.; Vaca-Paniagua, F; del Pilar Ramos-Godinez, M.; Morales-
Barcenas, R.; Sdnchez-Pérez, Y.; Garcia-Cuéllar, C. M.; Chirino, Y.
L. Irreversible Disruption of the Cytoskeleton as Induced by Non-
Cytotoxic Exposure to Titanium Dioxide Nanoparticles in Lung
Epithelial Cells. Chem. Biol. Interact. 2020, 323, No. 109063.

(88) Barrios, D.; Segatori, L. Open Questions: How Do Engineered
Nanomaterials Affect Our Cells? BMC Biol. 2020, 18 (1), No. 176.

(89) Sayre, L. M,; Perry, G.; Smith, M. A. Oxidative Stress and
Neurotoxicity. Chem. Res. Toxicol. 2008, 21 (1), 172—188.

(90) Schrader, M.; Fahimi, H. D. Peroxisomes and Oxidative Stress.
Biochim. Biophys. Acta, Mol. Cell Res. 2006, 1763 (12), 1755—1766.

(91) Zalckvar, E.; Schuldiner, M. Beyond Rare Disorders: A New
Era for Peroxisomal Pathophysiology. Mol. Cell 2022, 82 (12), 2228—
2238S.

14980

CAS BIOFINDER DISCOVERY PLATFORM™

ELIMINATE DATA
SILOS. FIND
WHAT YOU
NEED, WHEN
YOU NEED IT.

A single platform for relevant,
high-quality biological and
toxicology research

Streamline your R&ED

S

https://doi.org/10.1021/acs.est.5c00841
Environ. Sci. Technol. 2025, 59, 14969—14980


https://doi.org/10.3389/fimmu.2021.623430
https://doi.org/10.3389/fimmu.2021.623430
https://doi.org/10.3389/fimmu.2021.623430
https://doi.org/10.3390/cancers11111622
https://doi.org/10.3390/cancers11111622
https://doi.org/10.1128/MCB.00265-09
https://doi.org/10.1128/MCB.00265-09
https://doi.org/10.1128/MCB.00265-09
https://doi.org/10.1039/D2SM00179A
https://doi.org/10.1039/D2SM00179A
https://doi.org/10.1016/j.cbi.2020.109063
https://doi.org/10.1016/j.cbi.2020.109063
https://doi.org/10.1016/j.cbi.2020.109063
https://doi.org/10.1186/s12915-020-00922-0
https://doi.org/10.1186/s12915-020-00922-0
https://doi.org/10.1021/tx700210j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx700210j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbamcr.2006.09.006
https://doi.org/10.1016/j.molcel.2022.05.028
https://doi.org/10.1016/j.molcel.2022.05.028
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c00841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

