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Abstract

This work is part of the H2020 European project ASINA which aims to
promote Safe-by-Design (SbD) solutions for new nanomaterials (NMs) across
all life cycle stages. The adoption of SbD novel approaches for new NMs is
of pivotal importance in the framework of the European Commission’s Green
Deal. Over the past decades, the production and use of NMs have seen
substantial growth, raising concerns regarding the potential risk associated
with their release and population exposure. Silver (Ag) and titania (TiOy)
nanoparticles (NPs) are among the most widely used NMs and their
applications in various products, due to the antibacterial properties of the first
and photocatalytic activity of the latter, are increasing.

The aim of this work is to identify the potential hazard posed by newly
developed metal based NMs, designed according to a SbD approach, toward
human health during their production and use.

The initial step involved testing the newly developed Ag and TiO2 NPs coated
with different agents to compare their toxicological effects to reference
uncoated NPs. The endpoints were selected according to an Adverse Outcome
Pathway (AOP) approach that enabled the identification of the main events
linked to the toxicity of these NPs. Cell viability, inflammatory response,
reactive oxygen species levels, oxidative DNA damage, and cell-NPs
interactions were analyzed in the alveolar in vitro model, A549.

Furthermore, a New Approach Methodology (NAM) was developed to
identify and evaluate the hazard of the safer NPs (based on the results of the
first part of this study) considering the potential human exposure during NMs
production. The goal was to improve their hazard and risk definition. The
selection of appropriate exposure doses for hazard assessment has gained

increasing importance in the risk assessment framework. To this end, starting




from monitoring campaign data and applying the MPPD model to determine
the lung retained dose of NPs, it was possible to estimate the doses
representative of a chronic human exposure. The selected in vitro model,
consisted in a human cell contact co-culture (A549 and THP-1 cells
differentiated in macrophages) representative of the alveolar space, cultured,
and exposed at the Air-Liquid-Interface (ALI). Exposure to aerosolized NPs
was performed by Vitrocell® and Cultex® commercial systems. This approach
allows for more reliable results than by traditional submerged culture systems
due to a closer replication of the human physiology. Before exposing the
model to the calculated doses, the deposition efficiency (DE) of each NP was
determined by using a quartz crystal microbalance (QCM).

The results demonstrated that the functionalization of the NPs has a primary
role in driving their toxicity. Moreover, the method of NPs production
significantly influenced their toxicity. Different NPs also showed different DE
depending on their characteristics. The results obtained from the co-culture
indicates the absence of significant hazard for chronic inhalation exposure at
environmentally relevant doses, confirming the safety of the NMs and the

process developed.




Riassunto

Questo lavoro fa parte del progetto Europeo H2020 ASINA, il quale mira a
promuovere delle soluzioni Safe-by-design (SbD) per nuovi nanomateriali
(NMs) lungo tutto il loro ciclo vitale. L’adozione di innovativi approcci SbD
¢ di grande importanza nel quadro del Green Deal della Commissione
Europea. Negli ultimi decenni, la produzione e 1’uso di NMs ha subito una
sostanziale crescita, sollevando preoccupazioni a proposito del potenziale
rischio associato al loro rilascio e all’esposizione della popolazione. Le
nanoparticelle (NPs) di argento (Ag) e di biossido di titanio (TiO2) sono tra i
NMs piu ampiamente utilizzati e le loro applicazioni in vari prodotti, a causa
delle proprieta antibatteriche delle prime e dell’attivita fotocatalitica delle
seconde, stanno aumentando.

Lo scopo di questo lavoro ¢ stato di identificare il pericolo posto da NMs
metallici di nuova sintesi, disegnati secondo un approccio SbD, verso la salute
umana durante la loro produzione e il loro utilizzo.

I1 primo passo ha previsto il test delle nuove NPs di Ag e TiO2 con diversi
rivestimenti per confrontare i loro effetti tossicologici con NPs di riferimento
senza alcun rivestimento. Gli endpoint sono stati selezionati secondo un
approccio Adverse Outcome Pathway (AOP), il quale ha consentito
I’identificazione dei principali eventi connessi alla tossicita di queste NPs. La
vitalita cellulare, la risposta infiammatoria, i livelli di specie reattive
dell’ossigeno, il danno ossidativo al DNA, e le interazioni tra cellule e NPs
sono state analizzate nel modello alveolare in vitro A549.

In seguito, un New Approach Methodology (NAM) ¢ stato sviluppato per
identificare e valutare il rischio delle NPs identificate come piu sicure nella
prima parte dello studio considerando la potenziale esposizione umana

durante la loro produzione. Lo scopo ¢ stato quello di definire meglio il




pericolo di queste NPs. La selezione di dosi di esposizione appropriate per la
definizione del pericolo ha un’importanza crescente nel quadro del risk
assessment. A tale scopo, partendo dai dati ottenuti da una campagna di
monitoraggio e applicando il modello MPPD per determinare la dose di NPs
ritenuta a livello alveolare, ¢ stato possibile stimare le dosi rappresentative di
un’esposizione umana cronica. Il modello in vitro selezionato ¢ composto da
una co-coltura (A549 e THP-1 differenziate in macrofagi) rappresentative
dello spazio alveolare, coltivate ed esposte all’Air-Liquid-Interface (ALI).
L’esposizione all’acrosol di NPs ¢ stata effettuata tramite due sistemi
commerciali di Vitrocell® e Cultex®. Questo approccio consente di avere
risultati piu affidabili rispetto alle tradizionali colture sommerse a causa di una
migliore similarita con la fisiologia umana. Prima di esporre il modello alle
dosi calcolate, I’efficienza di deposizione (DE) di ogni NP ¢ stata determinata
tramite 1’uso di una microbilancia.

I risultati dimostrano che la funzionalizzazione delle NPs ha un ruolo primario
del determinare la loro tossicita. Inoltre, anche il metodo di produzione ¢ in
grado di influenzare in maniera significativa la loro tossicita. Diverse NPs
hanno dimostrato diversa DE in base alle loro caratteristiche. I risultati ottenuti
dalla co-coltura indicano 1’assenza di un pericolo significativo in seguito ad
esposizione a dosi rappresentative di una reale inalazione -cronica,

confermando la sicurezza dei NMs e dei processi sviluppati.




Introduction

This thesis is framed in the context of the H2020 funded European project
“Anticipating Safety Issues at the Design Stage of NAno Product
Development” (ASINA) (see paragraph 1.3) for the development of a safe by
design (SbD) strategy for nanoproducts with antibacterial and photocatalytic
properties. The focus of this work is to collect toxicity data to detect the
relationship between the physical-chemical (p-chem) properties of the
nanomaterials (NMs) and the toxicity outcomes, here including the attempts
to develop New Advanced Methodologies (NAMs) for assessing the risk of
new NMs. The structure of the thesis is based on introductory chapters
(chapters 1 and 2), where the peculiar p-chem and hazardous properties of NPs
and NMs (chapter 1) and the recent advancements in the studies related to
NAMs (chapter 2) are described. In chapter 3, the aims of the work, in relation
to the ASINA specific objectives, are disclosed, with emphasis on the different
approaches used in assessing the potential hazards associated with the
different forms of nanoparticles (NPs) developed within the project and the
contribution to NM risk assessment (RA) frameworks. As preliminary step, a
classical in vitro toxicological approach is used (Chapter 4 and annex I). NPs
toxicity is assessed on a monoculture of alveolar epithelial cells in submerged
conditions to highlight how the NPs characteristics influence the selected
biological outcomes. From the collected data, we were able to discern the safer
and most promising NPs by highlighting the role of NPs coating in modulating
their toxicity, according to a SbD approach. These data were also useful for
the development of an in silico model to predict hazard (annex II). Chapter 5
is based on a submitted paper that aims at providing a NAM (see also chapter
2) to assess the hazard of selected NPs in a co-culture of lung and macrophagic

cells, exposed at the air-liquid interface (ALI) to doses relevant for human




Introduction

inhalation exposure. The results, considering the biological outcomes
reported, support that the NPs developed are safe under realistic conditions of
exposure and that promising safer antimicrobial and photocatalytic NPs can
be synthesized by modulating their surface properties. A final chapter (chapter
6) of general conclusions wrap up all the information collected during the
experimental work and provide possible future directions for testing the
hazard of NMs, also in the view of the new SbD framework for new chemicals

and materials.




Chapter 1

Design and hazard of new nanomaterials

1.1 Nanomaterials and Nanoparticles

Nanomaterials (NMs) are natural, incidental, or manufactured materials
consisting of solid particles or aggregates where at least 50% of these particles
have one or more external dimensions in the range of 1 to 100 nm (“EU
Recommendation 2022/C 229/01).

The prefix “nano” denotes a measure of 10~ units and nano-objects can vary
in their shapes, according to differences in the external dimensions in the
nanoscale (as depicted in Figure 1.1). Specifically, nanoparticles (NPs) can be
defined as particles with all the three external dimensions ranging between 1

to 100 nm.

b) c)

Figure 1.1 - a) Nanoparticle, three external dimensions in the nanoscale; b)
Nanofiber, two external dimensions in the nanoscale; c¢) Nanoplate, one external
dimension in the nanoscale. From ISO 80004-1:2023.

The hierarchical relationship between nano-objects and NMs is illustrated in
Figure 1.2. Nano-objects may be nanostructured, but it is only when surfaces
have been deliberately modified or textured to introduce morphological or
chemical variations within the nanoscale that materials are considered

“nanostructured materials” (ISO 80004-1:2023).
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Figure 1.2 - Nanomaterial framework. Adapted from 1SO 80004-1:2023.

Nowadays, NMs find extensive applications across a wide range of
commercial products, including creams, face masks, clothing, and biomedical
devices. In fact, the properties of NPs including mobility, anti-bacterial
properties, hardness, magnetization, and colour, makes them attractive for
industrial applications. According to the specific application, NPs can serve as
chemically inert additives, catalysts, biomaterials, and antimicrobial
components (Bapat et al., 2019; Caseri, 2008). Their utility extends to
applications like UV protection in cosmetics and the production of colour
filters for LCDs (Stark et al., 2015).

NPs offer a versatile, useful, and highly attractive platform for a wide
spectrum of biological applications as well, also in relation to their size,
comparable to biomolecules like proteins and nucleic acids. Their surface and
core characteristics can be designed to suit a single or multiple applications,
including biomolecular recognition, therapeutic delivery, biosensing, and
bioimaging (De et al., 2008; Gao et al., 2004). Thanks to a greater surface area
per volume, compared to the same material of conventional dimensions, NPs
possess completely different physical chemical (p-chem) properties and a
greater surface reactivity (Schrand et al., 2010). Furthermore, NPs can be

tailored using a diverse array of metallic and semiconductor core materials
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that provide advantageous features such as fluorescence and magnetic

properties (Ferrari, 2005).

1.1.1 Safety and sustainability by design of new NMs

The safe and sustainable by design (SSbD) framework promotes innovation
in replacing hazardous substances in both products and processes (European
Commission, 2022).

This approach endorses the comprehensive consideration of safety, circularity,
and functionality of chemicals and materials throughout their entire life cycle,
from initial design to end-of life, including the potential for recycling and
reuse. This means acting on the different phases of production of a new NM
or a new nano enabled product such as design, development, optimization,
production processes and selection of chemicals and materials (Caldeira et al.,
2022). By doing so, the SSbD framework aims to prevent or minimize adverse
impacts on human health and the environment, facilitating the transition
toward a safe and environmentally neutral economy. This is in alignment with
the objectives of the European Green Deal (European Commission, 2019),
which aims at a transition towards a clean and climate-neutral economy by
investing in eco-friendly technologies and implementing initiatives dedicated

to restoring biodiversity and reducing pollution (Figure 1.3).
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Functional Safe Life cycle
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Sustainable
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Sustainable
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Figure 1.3 — Key drivers and tools for new materials. The policy initiatives of the
European Union are in purple, while the essential tools are in green. From Gottardo
etal, 2021.

In the SSbD approach, risk analysis and management begin at the material
selection stage and continue throughout the entire production phases and
beyond, in a life cycle approach, rather than conducting such analyses only
downstream the production process, therefore after considerable investment
of resources (material and economic) and possible dispersion of NPs in the
environment. To implement the SSbD approach effectively, two primary
strategies are employed: hazard reduction of the new NPs or NM and exposure
minimization toward the target organism (humans, aquatic vertebrates or
invertebrates, terrestrial vertebrates or invertebrates and so on), therefore
reducing the overall risk related to NPs or NMs release or dispersion. To
achieve these goals, different procedure may be employed such as modifying
the surface functionalization of nanoparticles with coatings designed to reduce
reactivity while preserving material properties or by testing the properties, the

possible dispersion, and the overall sustainability (also from an economic

10
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point of view) of newly developed NMs in pilot plants representative of the

final industrial plants.

1.1.2  Properties of silver and titania NPs

NPs and NMs can be grouped depending on their chemical composition and
structural features including size, shape, and surface modifications (Cho et al.,
2013).

The NPs used in this thesis are of similar size and shape and are based on two
different cores made of silver (Ag) or titania (TiO2). The surface of the
different NPs is functionalized with different chemicals in order to improve
their efficacy or to reduce their toxicity.

Ag NPs are widely employed due to their properties, including high electrical
conductivity, chemical stability, optical conductivity (Xia et al., 2011),
catalytic activity, as well as antibacterial, antifungal, and antiviral properties
(Foldbjerg et al., 2011; Zhang et al., 2016). Ag NPs are extensively integrated
into everyday products like textiles, cosmetics, cleaning agents, food
packaging, and are also employed in coating of biomedical items such as
silicone heart valves, catheters, orthodontic devices, surgical instruments and
wounds dressings (Grunkemeier et al., 2006; Huang et al., 2007). The use of
Ag NPs in medical devices is reported to minimize the risk of bacterial
infections and post-surgical complications (Ge et al., 2014; Tomankova et al.,
2015). The antimicrobial properties of Ag NPs make these particles a valid
alternative for treating various infections tackling the overall spreading of the
antibiotic resistance of some bacterial strains (Marassi et al., 2018).

From an environmental point of view, these NPs play a pivotal role in
wastewater treatment, alongside to TiO2 NPs (Mukhopadhyay et al., 2022).
TiO2 NPs, in fact, exhibit photocatalytic properties, making them valuable for
the photocatalytic degradation of pollutants, and water and air purification.

Furthermore, they also find application in the production of sunscreens, tattoo

11
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inks, paint, and photovoltaic cells. TiO> NPs have also been applied to
biomedical applications for drug delivery (Chen and Selloni, 2014).
Additionally, TiO> NPs enable the creation of smog-reducing barriers that
actively degrade indoor and outdoor pollutants. In fact, through the absorption
of UV light, these NPs can participate in surface photochemical processes,
resulting in the complete breakdown of various organic and inorganic
compounds into CO> and H>O (Mills and Lee, 2002). When TiO; is doped, for
example, with nitrogen or cobalt, it becomes photocatalytic even under visible
light (Shah et al., 2019), extending its photocatalytic capabilities to indoor
conditions, eliminating the need for UV radiation (Chen et al., 2012).

1.2 Exposure to metal NPs

The production and use of NMs in many different fields is growing
exponentially (https://single-market-economy.ec.europa.eu/). This entails an
increased risk of human exposure that translates into a growing concern for
public health and safety. In fact, the peculiar characteristics of NPs can
determine an emerging and increasing risk to human and environmental safety.
The entire life cycle of NMs, considering their fate once dispersed in the
environment needs to be carefully addressed to avoid unwanted or unpredicted
risk (Figure 1.4). This involves the examination of the exposure routes,
internalization processes, distribution, and degradation of NPs within living
organisms, as well as an investigation into the mechanisms of toxicity
associated with their p-chem properties (Colvin, 2003; Hoyt and Mason,
2008). Among the various p-chem parameters, size, shape, core chemistry,
agglomeration state, surface characteristics, can influence the interactions

between the NP and the cells or the environment (Levard et al., 2012).

12
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Figure 1.4 — Possible exposure routes for nanoparticles. From Klopffer et al., 2007.

1.2.1 Routes of exposure

NPs may be released during various stages of their life cycle, starting from the
manufacturing process, and extending through product use, all the way to their
disposal. Consequently, human exposure to these NPs may occur at any point,
and the specific route of exposure vary depending on the characteristics of the
nanomaterial and specific process determining the interaction such as from
unintended releases or intentional exposure, as in the case of NPs injected for
drug delivery (Neha Desai et al., 2021). In the case of unintentional exposure,
NPs can enter the body through the skin, the respiratory system, or the
gastrointestinal tract. Among these routes, inhalation is regarded as the
primary mode of exposure for humans, carrying the highest expected risk
(Bierkandt et al., 2018) and, consequently, receiving the most extensive

attention in the field of nanotoxicology (Gao et al., 2021).

13
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When NPs are inhaled, their deposition within the airways is influenced by
factors such as their shape, size, and chemical characteristics. The mechanisms
of deposition of the NPs in the different parts of the respiratory system are
shown in Figure 1.5.

Deposition mechanisms in respiratory tract

Interception

Diffusion

Figure 1.5 - Mechanisms of respiratory tract deposition for NPs. From Gao et al.,
2021.

Because of their small dimensions, NPs primarily accumulate in the nose and
in the alveolar region of the lungs (Gao et al., 2021). Upon interaction with
the blood-air barrier, they have the potential to translocate into the
bloodstream (Gwinn and Vallyathan, 2006), ultimately reaching other organs
like the nervous system or the liver (Gheshlaghi et al., 2008; Tomankova et
al., 2015; Zhang et al., 2016). If fact, the size of NPs increases their ability to
permeate biological barriers, as well as cell membranes (Suliman Y et al.,
2015).

The clearance in the lungs is promoted by the alveolar macrophages, although
they can also be removed from the upper respiratory tract via the mucociliary
escalator system and then ingested. Direct ingestion of NPs, occurring via
contaminated water or food or by eating products containing NPs, and
secondary ingestion, subsequent to inhalation and mucociliary clearance, are
therefore the two main pathways that may determine the exposure of the

gastro-intestinal tract (Szakal et al., 2014).

14
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After ingestion, NPs have the capacity to interact with the entire gastro-
intestinal system, potentially being absorbed at the intestinal level, and also
interacting with the gut microbiome (Jiang et al., 2018).

Skin absorption is typically expected to be less efficient than inhalation
because intact skin serves as an efficient barrier against NPs (Larese Filon et
al., 2015). Anyway, absorption can be facilitated in cases of skin lesions and
usually occur following the use of cosmetic products containing NPs, such as
sunscreens (Wu et al., 2009). Exposure of other species, according to the
environmental compartment they live in and the specific anatomic
characteristics, occurs through similar processes as those here describe for

humans (Figure 1.6).
Engineered NPs
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Figure 1.6 — The different exposure routes of NPs that. From Swartzwelter et al.,
2021.

Additionally, NPs may be present in the soil due to their incorporation in
agricultural products or after deposition of air dispersed particles and, also
through wastewater treatment, NPs can also find their way into aquatic

environments (Mittal et al., 2020). Upon entering the environment, NPs can

15
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interact with a variety of living organisms, potentially becoming ingested by
species of commercial interest (Khosravi-Katuli et al., 2017). Moreover, they
may undergo a biomagnification process as they progress through the food
chain (Judy et al., 2011)(Judy et al., 2011; Yoo-iam et al., 2014) posing an
additional concern for human health and the environment. In the environment,
NPs interact with both biotic and abiotic components, undergoing a range of
processes including dissolution, speciation, degradation, biological or
chemical-physical  transformation, agglomeration, deposition, and
mineralization. Different types of NPs are also capable of adsorbing and
transporting polycyclic aromatic hydrocarbons, effectively serving as carriers

for other types of pollutants (Wang et al., 2008).

1.2.2 Workplace exposure

The primary site of uncontrolled NP inhalation has been identified in the
workplace, particularly where nanomaterials are manufactured or utilized
(Suliman Y et al., 2015). This risk arises from the possibility of the NPs to be
unintentionally dispersed in the ambient air during the manufacturing process,
thereby presenting a hazard to workers. Various activities involved in
nanomaterial production, such as powder or suspension handling, grinding,
filtration, and material weighing, can result in the release of NPs (Bierkandt
et al., 2018). Whether in the form of powders, liquid suspensions, or aerosol
dispersed directly into the atmosphere during production, these NPs are
susceptible to inhalation by workers (Paur et al., 2011). Hence, to better
understand the health risk for workers, the NPs life cycle, the routes of human
exposure, and the interactions of NPs within the human body must be
addressed considering the specific production phases. In fact, workers are
more likely to experience an earlier and higher exposures compared to the
general population (Bergamaschi, 2009; Nasterlack et al., 2008) and represent

therefore a sub-population at potential higher risk.
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1.2.3 Toxicological effects of NPs

The possibility of NPs to determine adverse effects requires the primary
interaction between NPs and cells membrane. NPs can be internalized by cells,
often through processes like endocytosis, or they can disrupt the cell
membrane to enter (Jugan et al., 2012). Once in the cell, the specific outcome
depends on the specific p-chem of the NPs. NPs can release ions or directly
interact with specific organelles or DNA (Zhang et al., 2016). These biological
effects typically manifest as alterations in cell morphology, increase in the
intracellular concentration of reactive oxygen species (ROS), genotoxicity,
disruption in mitochondrial function, generation of inflammatory mediators,
and ultimately cell death via apoptosis or necrosis (Riaz Ahmed et al., 2017).
Considering the relation between p-chem and possible adverse effects,
typically, NPs exhibit higher toxicity as their size decreases, primarily due to
an increased uptake capacity by cells and a greater surface area available for
interactions with molecules (Haase et al., 2012). Positively charged particles
tend to be more toxic due to their enhanced ability to interact with cell
membranes (Loo et al., 2022). The elemental composition of both the core and
surface of NPs plays a role in determining their toxicity, as different materials
exhibit varying toxicity profiles (Moschini et al., 2013), and surface
functionalization is an effective means of modulating the intensity of toxicity
(Colombo et al., 2017). Additionally, the shape or morphology of NPs is an
important parameter to be considered, as spherical NPs tend to penetrate cells
more effectively, whereas fibrous NPs can disrupt the endocytosis process,
leading to membrane rupture and improper closure (Boyles et al., 2015).

For Ag and TiO; NPs, their ability to induce cellular damage has been well
investigated (Figure 1.7).

17
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Figure 1.7 — Schematic diagram of the toxicity of Ag and TiO» NPs. From Dicks and
Heunis, 2010, Shabbir et al., 2021.

Several studies have revealed that both Ag and TiO, NPs are able to trigger
inflammatory and immunological responses in cells (Loret et al., 2016; Wang
et al., 2008), in addition to generating ROS (Carlson et al., 2008; Ma et al.,
2012). Furthermore, they can induce genotoxicity through oxidative stress
(Park et al., 2008; Suliman Y et al., 2015), ultimately leading to apoptosis
(Gurunathan et al., 2015; Shi et al., 2010). It is worth noting that TiO, NPs
seems to exhibit a higher potential for genotoxic effects compared to Ag NPs,
but the latter demonstrate a greater cytotoxic potential (Tomankova et al.,

2015).

1.3  Anticipating Safety Issues at the Design Stage of NAno Product
Development

This research is conducted within the framework of the European project
“Anticipating Safety Issues at the Design Stage of NAno Product
Development” (https://www.asina-project.eu/). The project’s primary

objective is the development of a Safe-by-Design (SbD) strategy for
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nanoproducts, with a specific focus on the production of two representative
categories of nano-enabled products:

1. Anti-microbial, anti-biofilm, and depolluting coatings used in clean
technology, including photocatalytic filters and coated textiles.

2. Nanostructured capsules designed for delivering active components in
cosmetic products, such as antiaging and antibacterial creams.

The strategy under development serves as a foundation for establishing design
hypotheses and decisions using a data-driven approach and methodology. The
ultimate goal of the project is to encourage consumer acceptance and the
growth of reference industrial sectors. This will be achieved by maximizing
the positive impacts of novel products aimed at enhancing environmental
quality and human health. The project is expected to have an impact on various
aspects, including:

e Implementation of SbD approaches and tools during the early stages of
nanomaterial development.

e (Quality workplaces that ensure maximum technical and economic
performance while adhering to acceptable risk levels.

e Control and mitigation of the exposure after the release of NMs from
products.

e Development and validation of cost-effective techniques for conducting
an integrating exposure-driven risk assessment and the associated design
of the necessary post-use monitoring.

e Increased industrial competitiveness.

e Impact on human health, the environment, and regulatory frameworks.
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1.3.1 Material safety design criteria

Within the ASINA project, the focus of this research is to collect toxicity data
to fill gaps for an early identification of hazard potential. The data collected
on the hazard of NMs in in vitro models or by in silico approaches are used to
detect the relationship between p-chem properties and toxicity outcomes. The
in vitro testing is performed also by considering Adverse Outcome Pathways
(AOPs, see paragraph 2.4) relevant for human exposure to NMs and by
analysing relevant biomarkers of effects for implementing the hazard
assessment and the SbD strategy. The testing strategy is therefore based on a
tiered approach starting from the identification of the exposure scenarios of
NPs, the identification of the p-chem parameters that modulate the biological
outcomes, and risk assessment and definition of the product safety

requirements in compliance with regulatory frameworks.

1.3.2 NPs used in this thesis

The toxicity data were obtained by comparing commercially available NPs to
the NPs developed in the ASINA project to improve some characteristics. To
increase Ag dispersion, hydroxyethyl cellulose (HEC) was selected as coating.
HEC has the ability to stabilize the Ag NPs in suspension. Two different
HEC/Ag molar ratios (5.5 and 6.4) were used as an attempt to increase the
antimicrobial properties of the NPs in order to apply a lower dose in the final
nano-enabled products. AgHEC NPs were formulated as suspension or
powder depending on the final use of the product. AgHEC was intended to be
sprayed on textiles, while AgHECp was originally designed to be included in
antibacterial creams. Curcumin was selected as coating with the aim of using
a stabilizing agent with proven antioxidant and anti-inflammatory properties
(Mary et al., 2018; Peng et al., 2021), but it also has an antimicrobial activity
(Adamczak et al., 2020). Nitrogen-doped titania (TiO>-N) has the ability to be
photoactivated under visible light (Shah et al., 2019), while TiO can only be
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activated by UV light. This doping extends the applicability of these NPs since
their antipollution properties can be exploited in indoor environments,
reducing the exposure to UV radiation and improving the safety and

sustainability of the final products.
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Chapter 2

New approach methodologies

New Approach Methodologies (NAMs) are strategies based on in vitro and, in
silico or in chemico methods that can provide information on the hazard and
risk assessment of chemicals without involving animal testing (ECHA, 2016).
Consequently, these methods serve as alternatives or complementary methods
to traditional animal testing. This approach is a valuable tool for reducing the
number of animals used for scientific purposes and for enhancing the
acquisition of toxicological data to perform next generation risk assessment.
The development and application of NAMs for risk assessment aligns with the
principles of the 3R: replacement, reduction, and refinement of conventional
animal experiments (Directive 2010/63/EU).

NAMs are included in the “Next Generation Risk Assessment” (NGRA)
process to identify the existence of hazard and to minimize harm. This process
involve the use of a tiered approach to use relevant data for a comprehensive
assessment of safety risks of chemicals. In the NGRA the focus is more than
just the toxicological endpoint. In fact, it considers the entire process starting

from the exposure to a substance, down to the final adverse outcome.

2.1 Tiered approach (monoculture versus co-culture)

A tiered approach is structured with a sequence of assessments, starting with
tests that use existing data or basic biological techniques. As the process
advances, more complex tests and models come into play.

In this thesis, both models used for the evaluation of the toxicity of NPs are in
vitro. Tier 1 involved the use of a simple monoculture of A549 cells
(adenocarcinomic human alveolar epithelial cells) in submerged conditions.

This particular cell line is widely employed in nanotoxicology to assess
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cytotoxicity at the alveolar level (Gliga et al., 2014; Simon-Deckers et al.,
2008). A monoculture is a simple model, which allow to obtain data in a brief
time. As tier 2 model, a co-culture of A549 cells and macrophages (derived
from the monocyte line THP-1) is used. This co-culture was cultured before
the exposure to NPs at the Air-Liquid Interface (ALI, see paragraph 2.3) to
allow epithelial cells differentiation. A co-culture is a more realistic model
compared to a single cell line since it allows the examination of inter-cellular
interactions that naturally occur in the human lung. In fact, it replicates the
interaction between lung epithelial cells and immune system cells. In recent
years, the use of multi-cultures has been promoted due to their advantages,
providing more valuable insights into the actual effects of the substance being
tested (James Kirkpatrick et al., 2007; Miki et al., 2012). Moreover, the Tier2
approach here used, by culturing and exposing lung cells at the ALI, improve
the representativeness of the in vitro model to the human lung alveolar sacs,
where the interaction among inhaled pollutants (particle, gases, viruses etc.)
happen at the interface between the inhaled air and the lung membranes.
Additional advanced models are now based also on 3D models namely lung
organoids (Barkauskas et al., 2017). These spherical systems, although
providing relevant 3D cell to cell interactions still require further assessment
and development before application to NPs hazard evaluation, being model

used essentially in submerged conditions.

2.2 Submerged and Air-liquid interface exposure

In vitro models representative of the lung epithelia can be cultured in different
ways. Traditionally, they are submerged in culture media to provide them all
the required nutrients and growth factors. Alternatively, lung in vitro models
can be cultured on supports such as inserts or scaffolds, enabling ALI
cultivation and exposure. In these systems, the nutrients and growth factors

are provided to the cells from the basal side, therefore mimicking the actual in
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vivo situation. While exposures under classical conditions are simpler from an
experimental standpoint, ALI exposures are more physiologically accurate
and thus biologically more significant. Some studies indicate that, when
comparing the responses of cultures exposed to NPs in submerged and ALI
conditions, the response tends to be more pronounced under ALI conditions
(Diabaté et al., 2020; Lenz et al., 2013). Submerged exposure involves directly
introducing NPs into the cell culture medium, therefore the cell-NPs
interaction does not reflect real-life situations, where lung cells are exposed to
the surrounding air (Joris et al., 2013). Factors such as surface charge,
solubility, agglomeration, and surface structure are altered when NPs are in
solution, depending on the composition of the medium (Limbach et al., 2005).
These alterations significantly affect the toxicity of the NPs because the
biological response of the model is influenced by their p-chem properties (Lee
et al., 2009; Monopoli et al., 2011; Rothen-Rutishauser et al., 2008). It’s
important to acknowledge that in such exposure scenarios, determining or
calculating the precise dose of NPs reaching the cells is a challenging task
(Lenz et al., 2013). This difficulty arises from the fact that a portion of the
particles remains suspended in the culture medium or adheres to the culture
vessel’s side walls. These factors not only impact the effective NP dosage but
also influence their interaction with cells. Additionally, there is a limitation
related to the NPs dispersed in the cell culture medium, as they have the
potential to bind with proteins and other organic molecules present in the
medium, giving rise to the formation of a protein corona that can alter the
particles’ toxicity (Barbero et al., 2017; Garvas et al., 2015; Zanganeh et al.,
2016). On the other hand, in an ALI exposure, NPs suspended in the air are
deposited directly onto cells cultivated on supports. These supports enable the
model to be exposed directly to the surrounding air on the apical side, while
the cell culture medium is situated at the bottom of the support on the basal

side of the model. NPs interact directly with the cells without undergoing any
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alterations caused by any medium (Paur et al., 2011). This setup allows for the

precise calculation or direct measurement of the actual exposure dose.

23 AQOP approach

NAMs are frameworks aimed at developing and testing new methodologies to
evaluate the hazard and assess the risk of target compounds or to test new
drugs or molecules in pharmacology-oriented tests. On the other hand, the
biological endpoints to be evaluated in a newly developed NAM may be
diverse as targeting a specific pathway or following an untargeted approach
and using classical or omics techniques. The OECD (Organization for
Economic Co-operation and Development) defines an Adverse Outcome
Pathway (AOP) as a conceptual framework that outlines a step-by-step
sequence of linked events occurring at various biological levels, leading to an
adverse health or ecotoxicological effect (OECD ILibrary). An AOP-centered
approach enables the connection of the p-chem properties of NPs with the
mechanistic aspects of their biological interactions, ultimately linking them to
potential health impacts in both humans and other organisms. AOPs are now
recognized as a pivotal tool for replacing animal testing with scientifically
valid alternative methods to support regulatory decisions (Halappanavar et al.,
2019). AOPs are structured as organized diagrammatic representations that
establish connections across diverse biological levels. They start with an event
known as molecular initiating event (MIE), which involves the interaction
between a toxic substance and the biological system. This sequence then
progresses through a series of intermediate key events (KE), connected by
key event relationships (KER), culminating in the ultimate adverse outcome

(AO) (Figure 2.1).
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Figure 2.1 — Graphical representation of an AOP with the different levels of
organization. From AOP-Wiki.

2.3.1 Relevant AOPs for Ag and TiO: NPs

Several AOPs have been proposed covering diverse human diseases and
biological responses (https://aopwiki.org/). Among the different AOPs, here
the ones more relevant or directly connected to NPs exposure are reported.
Three AOPs have been documented in the literature regarding the mechanisms
of Ag NPs toxicity:

1. Ma et al., (2018) describe how ROS production in zebrafish gonad
tissue, which can be triggered by Ag NPs, leads to oxidative stress, then
germ cell apoptosis and finally impaired reproduction.

2. Jeong et al., (2018) describe how NADPH oxidase activation leads to
reproductive failure in C. elegans, identifying Ag NPs as prototypical
stressor. The KEs from this AOP are related to oxidative stress, hypoxic

stress, DNA damage and repair, and apoptosis.

32



Chapter 2 — New Approach Methodologies

3. Nicholas et al., (2021) describe Ag NPs toxicity towards the respiratory
tract. After acute exposure, they identify as MIE the ROS production.
The two KE identified are the upregulation of neutrophil chemokines
and the recruitment of neutrophils. The final AO is lung tissue damage.

For TiO», there are two AOPs identified in the literature and three published
on the AOP wiki:

1. Brand et al., (2020) proposed an AOP that describes a series of KEs that
link TiO endocytic lysosomal uptake (MIE) to liver fibrosis (AO1),
liver oedema (AO2), and steatosis (AO3).

2. Braakhuis et al., (2021) describe how cellular uptake of TiO> NPs in the
intestine (MIE) leads to intestinal tumors (AO). The series of KEs
linking the MIE and the AOP encompass oxidative stress, inflammation,
proliferation of intestinal cells and DNA damage, which are toxicity
mechanisms frequently reported to explain TiO2> NP toxicity.

3. From the wiki (AOP-Wiki), AOP260 describes how protein adduct
formation and CYP2EI activation (MIEs) can lead to neurodegeneration
(AO). AOP208 and AOP282 describe cellular pathways that are
activated by photoactive stressors. AOP208 includes UV-activated TiO>
NPs as a stressor and was developed to describe their toxicity towards
the nematode C. elegans. The putative AOP282 describes how
photoactivation of the stressor leads to inflammation via oxidation of
lipids/proteins.

It is remarkable to observe that Ag and TiO2 NPs exhibit a similar overarching
mechanism of toxicity: oxidative stress, inflammation, DNA damage and
repair, as well as apoptosis, collectively play a central role in the toxicity of

both types of NPs.
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24 Exposure systems

In the existing literature, various systems have been employed for exposing
ALI-cultured cells to NPs (Aufderheide et al., 2017; Leroux et al., 2022; Nair
et al., 2020; Rach et al., 2014; Steinritz et al., 2013). Among the commercially
available systems, notable examples include the Vitrocell® and Cultex®
systems, both designed to facilitate the uniform deposition of aerosols onto
ALI-cultured cells. For this thesis, two systems were used.

The Vitrocell® Cloud a 12 (Figure 2.2a) allows to generate a cloud of aerosol
particles, of dimension varying in the range 2 to 10 pum, from a NPs
suspension. The aerosol droplet containing the NPs are effectively delivered
to the cells through total gravimetric deposition. The system is equipped with
a microbalance, allowing for the precise measurement the actual mass of NPs
deposited during the exposure, with a resolution of 10 ng/cm? per second.
The Cultex® RFS Compact module (Figure 2.2b) enables cell exposure to an
aerosol generated form a suspension or directly sampled from the test
atmosphere (generated in the lab or ambient atmosphere). In this system,
external air is drawn in, passes over the cells, and the deposition relies on the
interplay between gravitational forces and the Brownian motion of the NPs.
The doses of exposure can be calculated according to the physical laws of a

particle in a fluid (air in this case).

) kR

Quartz Crystal
Microbalance

(QCM)

Exposure setup

Figure 2.2 — Exposure systems used during this thesis. a) The Vitrocell® cloud o. 12
and the QCM, b) The Cultex® RFS Compact module and, on the right, the setup of
the experiment for the exposure of the cell to a generated aerosol of NPs. From
Vitrocell® Website and Cultex® Website.
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Chapter 3
Aim of the thesis

This research is focused on establishing criteria for material safety design by
identifying the potential hazard toward human health that may arise during the
production and use of nano enabled products containing metal-based
nanoparticles (NPs). The main goals of the thesis are:
e To define the potential correlation of physical-chemical (p-chem)
properties with negative biological effects.
e To investigate how distinct NPs may pose hazard to human health after
their interaction with in vitro models of the lung alveolar epithelium.
e To develop novel methodologies to evaluate the hazard and provide
relevant information for risk assessment.
We aim to provide evidence concerning the presence or absence of potential
hazards associated with the new NPs, developed during the ASINA project
(see paragraph 1.3), prior their pre-commercial exploitation. The possibility
to reach the goals of the thesis will provide relevant information to minimize
or remove any unwanted or unpredicted risk after intentional or unintentional
exposure, thanks to the early evaluation of NPs safety and eventual re-design.
In particular, the subsequent chapters will focus on different research activities
performed to reach the thesis’s goals.
Chapter 4 is focused on the study of the biological effects of Ag and TiO» NPs
differing in size and surface properties on a monoculture of type II
pneumocytes cultivated and exposed in submerged conditions (Figure 3.1).
The goal is to assess the influence of the NP p-chem characteristics, as
designed during the production process, on the modulation of selected
biological endpoints, defined according to an Adverse Outcome Pathway

(AOP) approach (see paragraph 2.3). This study allows to discern the safer
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(less hazardous) and most promising NPs synthesized within the ASINA

project, in accordance with the SbD framework (see paragraph 1.1.1).
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Figure 3.1 — Graphical abstract of chapter 4. The selection of different NPs in deep
characterized for their main p-chem properties is followed by a classical
toxicological approach. The biological outcomes tested are selected according to an
AOPs approach to identify the hazard of the different NPs in relation to their p-chem
characteristics.

Chapter 5 is focused on developing a New Approach Methodology (NAM,
see chapter 2) that incorporates environmental monitoring, exposure
modelling, and NP p-chem and in vitro inhalation toxicity data to assess the
risk of selected NPs (Figure 3.2). The most promising NPs (selected through
the study shown in chapter 4) were tested on a co-culture of human type II
pneumocytes and macrophages cultivated and exposed at the ALI (see
paragraph 2.2) through commercial systems for aerosol exposure (see
paragraph 2.4). The doses were selected based on lung-retained doses
calculated through an in silico model, using input data collected during a
monitoring campaign at a manufacturing site of nano enabled materials
(coated textiles). In addition to suggest a new NAM, this study contributed to
the definition of the NPs hazard at realistic conditions of exposure, therefore

providing information useful for risk assessment.
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Figure 3.2 — Graphical abstract of chapter 5. The integration of the in silico
approach with the ALI exposure systems is reported. The data collected at the
relevant exposure doses are providing information for hazard evaluation and risk

assessment.

41



Chapter 4

Toxicological analysis in a Safe-by-Design and

Adverse Outcome Pathway-driven approach on
different silver and titania nanoparticles:

assessment of acute responses in A549 cells

This chapter is largely based on the published paper “Preliminary
Toxicological Analysis in a Safe-by-Design and Adverse Outcome Pathway-
Driven Approach on Different Silver Nanoparticles: Assessment of Acute
Responses in A549 Cells (Motta et al., 2020. Annex I). The results have been
integrated with unpublished data on the toxicity of TiO» (TiO.NKD) and
nitrogen-doped TiO> (TiO2-N), and of additional Ag-based NPs: Ag-doped
with curcumin (AgCUR) and Ag-doped with hydroxyethylcellulose in
suspension form with a HEC/Ag molar ratio of 6.4 (AgHECs¢.4).

4.1 Introduction

Silver and titania nanoparticles (Ag and TiO> NPs) are among the most widely
used metal-based nanomaterials (NMs) for several applications. Such
important use is mainly due to their peculiar properties. In fact, thanks to their
antibacterial capability (Nowack et al., 2011), Ag NPs are nowadays used in
several fields, from the textile industry to biomedical application (Beyene et
al., 2017; Shanmuganathan et al., 2019). Moreover, their use as antimicrobial
materials is gaining relevance for their capability to combat pathogens causing
infections in vitro and in vivo (Bruna et al., 2021). Ag NPs are present in
different products, health care and fitness, cleaning, food packaging,
household equipment, electronic devices and even toys (Natsuki, 2015;
Tortella et al., 2020). The photocatalytic properties of TiO> NPs are relevant

for several applications, including the formulation of sun creams, tattoo inks,
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paint, purification products, and photovoltaic cells. Additionally, these NPs
are employed in biomedicine, particularly in drug delivery (Chen and Selloni,
2014).

The widespread uses inevitably increase the possibility of accidental release
of these NPs to the environment, with a consequent increase in the exposure
of humans and other organisms (Burdusel et al., 2018). The various routes of
exposure for humans are therefore multiple: ingestion, inhalation, dermal
contact and, at times, directly in systemic circulation via intravenous injection.
NMs may cause inflammatory response or reactive oxygen species (ROS)
production (Huang et al., 2010); these are processes that can alter the cell
membrane and damage organelles (Ahmadian et al., 2018). It has been
observed (De Matteis and Rinaldi, 2018) that Ag NPs induce ROS production
and cell apoptosis through a caspase-dependent intracellular pathway in liver
hepatocellular adenocarcinoma cell line (HepG2). Other authors also observed
the induction of ROS production and a reduction in glutathione (GH) after Ag
NP exposure due to the release of free Ag+ ions. The increase in ROS caused
adverse effects on cell viability and cell membrane integrity in several cell
lines, both human and murine (Gurunathan et al., 2018). Therapeutic
synthesized Ag NP exposure showed a dose- and time-dependent inhibition of
cell viability, cell proliferation and cell morphology in A549 cells because of
the increased oxidative stress (Han et al., 2014).

TiO> NPs are often associated to genotoxic effects, induced by ROS
generation according to the particle’s reactivity (Jugan et al., 2012). In fact, in
cells representative of the alveolar-capillary barrier, TiO> NPs were found to
induce the generation of ROS, apoptosis induction, and DNA damage (Hanot-
Roy et al.,, 2016). Moreover, these NPs may impair the activity of
mitochondrial dehydrogenase and reduce the mitochondrial membrane

potential, possibly resulting in apoptosis (Ghosh et al., 2013).
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Noteworthy, after entering in contact with cells, NPs can undergo different
possible transformations in terms of their pristine physical-chemical (p-chem)
properties; for several metal oxide NPs, dissolution has been reported as a
major process, and agglomeration and other surface modifications are reported
to play a key role in NP effects (Gulumian and Cassee, 2021).

Although these possible drawbacks, NPs and nano-enabled products (NEPs)
are gaining relevance in everyday life. In light of this, to reduce the uncertainty
of the potential adverse impact of NPs or NEPs on human health and the
environment, already starting from the first steps of nanomaterial (NM)
conceptualization and production and onwards, the application of the safe-by-
design (SbD) strategy has been proposed and applied (Halappanavar et al.,
2020). Among the different toxicological tests suggested for a SbD approach,
viability and the generation of reactive oxygen species should be considered.
In addition to this, additional biological endpoints, such as inflammation, and
the stability of the NM itself should be considered. In this context, and in view
of the 3Rs principle, in vitro studies are gaining prominent relevance to collect
significant data to sustain the lack or reduce the unwanted and undesired
intrinsic hazards of NPs and NEPs, in a life cycle-oriented approach.

In this study, six different Ag NPs and two TiO, NPs were selected to
investigate how their p-chem properties might modulate the interactions with
cells in a simple in vitro system (human alveolar adenocarcinoma A549 cells
in monoculture). The biological endpoints were selected considering the main
adverse outcome pathways (AOPs) related to chronic inflammation. The AOP
173 (https://aopwiki.org/aops/173), with its molecular-initiating event (MIE),
key events (KE) (oxidative stress and inflammatory cytokines release) and the
final adverse outcome (AQO) is related to lung fibrosis and was mainly
considered in this work. Indeed, this AOP was recently reported to
appropriately describe the toxicological impact of some NMs that interact with

cell membrane components (e.g., receptors and lipids) (MIE) and lead to lung
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fibrosis, such as carbon nanotubes, TiO2 or cerium oxide nanoparticles (Zhou
et al., 2019; Ma et al., 2017; Roda et al., 2019; Sun et al., 2015; Wang et al.,
2017). In addition to the above mentioned KE, DNA damage and cell cycle
alteration were also considered for further assessing the possible adverse
effects of NPs on lung epithelial cells, and because DNA damage is a
consequence of oxidative stress and inflammation while cell cycle arrest is a
consequence of DNA damage. Other AOPs relevant for NPs toxicity but not
directly related to lung adverse outcomes are reported in Chapter 2 and not

further described here.

4.2 Materials and Methods
The materials and methods of this chapter are briefly reported in the

following sections. For more details, refer to Annex L.

4.2.1 Chemicals and Reagents

We selected different Ag and TiO2> NPs both commercial and synthesized in
the framework of the ASINA European project. The Ag and TiO, without
coating (AgNKD and TiO,NKD, as reference materials) and Ag with PVP
surface coating (AgPVP) were selected as commercially available NPs. The
nitrogen-doped titania (Ti02-N) and Ag NPs coated with curcumin (AgCUR)
or hydroxyethylcellulose delivered as powder form (AgHECP) or as colloidal
suspension (AgHECs), in this latter case with two different HEC/Ag molar
ratio (AgHECsss and AgHECse¢4). Additional information on the other

relevant chemicals and reagents are reported in Annex 1.

4.2.2 NP Suspension Preparation
NP suspensions for characterization and treatments were prepared in MilliQ
water to reach an initial stock suspension of 1 mg/mL of Ag or TiO> NPs

(considering the mass of Ag or TiO; core as reference, the concentrations here
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reported are to be considered as mass of Ag or mass of TiOz per mL). The NPs
in powder form (AgNKD, AgPVP, AgHECp, TiO;NKD and TiO2-N) were
sonicated with an ultra-sonicator by applying in total 40W for 10 min (1 s
pulse, 1 s pause cycle). NPs in colloidal suspension form (AgHECss:s,
AgHECss.4 and AgCUR) were vortexed and directly diluted in MilliQ water
to reach the desired concentration. Additional information on the suspensions’

preparation is reported in Annex .

4.2.3 NP Characterization

NPs were characterized in terms of size, shape, surface charges ({-potential),
agglomeration state and dispersion by Dynamic Light Scattering (DLS)
analysis and by transmission electron Microscopy (TEM) after being diluted
in MilliQ at 100 pg/mL. All the suspensions were analyzed by DLS at time 0,
just after preparation, and after 24 h of incubation at RT without vortexing to

assess NP stability in solution.

4.2.4 Cell Culture

Human alveolar epithelial cells (A549 cell line) were used as a model to
evaluate NPs cytotoxicity. They were cultivated in DMEM medium
supplemented with 10% fetal bovine serum and 1% antibiotics. Cells were
treated with concentrations of NPs ranging from 0 to 100 pg/mL for 24 h and
then processed for further analysis. Additional information on the used

protocols is in the Annex 1.

4.2.5 Viability Assay

The cell viability was assessed with the Alamar Blue assay 24 h after the
exposure to the NPs. The fluorescence emission at 590 nm was recorded and
the viability is expressed as relative variation over the control ratio. Additional

information on the protocol is reported in the Annex 1.
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4.2.6 Inflammatory Response

The inflammatory potency of the tested NPs was assessed by measuring the
release of Interleukin 8 (IL-8 ELISA matched antibody pair kit) in the
supernatants collected after 24 h of exposure. The samples absorbance was
measured at the wavelength of 450 nm. Data are expressed as fold increase
with respect to the control. Additional information on the protocol is reported

in the Annex 1.

4.2.7 Intracellular ROS

The intracellular ROS level was  measured wusing 2°,7’-
dichlorodihydrofluorescein diacetate (H_DCFDA) probe. H> O, was used as
positive control. Fluorescence was measured using flow cytometry with an
excitation wavelength of 488 nm and an emission wavelength of 525 nm.

Detailed information on the protocol used is reported in Annex 1.

4.2.8 DNA Damage

YH2AX was evaluated as a marker for DNA double-strand breaks (DSBs). The
samples were stained using Phospho-Histone H2A.X (Ser139) (20E3) Rabbit
mADb (Alexa Fluor® 488 Conjugate) following the manufacturer instructions.
Fluorescence was measured using flow cytometry with an excitation
wavelength of 488 nm and an emission wavelength of 525 nm. Additional

information is available in Annex 1.

4.2.9 Cell-Particle Bio-Interaction

At the end of the exposure, the samples were analyzed using a CytoFlex with
an excitation wavelength of 488 nm. The side scatter signal (SSC) was
recorded as proxy variable of the particle—cell interaction (both at cell

membrane and/or after internalization).
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4.2.10 Statistical Analysis

Data are expressed as the mean + standard error (SE) or standard deviation
(SD) of at least three biological independent experiments (N > 3, if not
otherwise stated). Statistical analyses were performed using R software, using
one-way ANOVA test followed by Dunnett’s post hoc test if the homogeneity
of variance was confirmed by Levene’s test; conversely, the pairwise Wilcox
test was applied to determine statistical differences; values of p < 0.05 were

considered statistically significant.

4.3  Results

4.3.1 NP Characterization for Toxicological Analyses

Except for TiOoNKD, NPs hydrodynamic diameters showed a general
tendency to reduce over the time; among the different NPs, the AgHECss s,
AgHECp and especially AgCUR NPs showed the lower variation of the
hydrodynamic diameter over 24 h (Table 4.1).

Table 4.1. NP characterization for cell exposure. Dynamic Light Scattering (DLS)
analysis performed for Ag NPs (AgNKD, AgPVP, AgHECsss AgHECss4, AHECp
and AgCUR) and TiO, NPs (TiO:NKD and TiO>-N) in MilliQ water. The
measurements were performed at two different time points, 0 and 24 h, and two
concentrations (10 and 100 ug/mlL) were considered. In the table are reported the
values of z-average (nm) + SD and PDI + SD, for each particle is indicated the value
(-potential (mV) in MilliQ water at the concentration of 100 ug/mL.* = mean of two
replicates.
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NPs Time (h) ppm z-average (nm)=SD PdIxSD
0 100 270.76 +53.18  0.45 = 0.04
C_potelﬁffgg s sl 100 10935 £22.42 034 +0.08
B e E0en 0 10 26629 +35.96 047 +0.01
24 10 142525102 029 +0.05
0 100 69591 £61749 0.7+ 026
A 24 100 227.06 £159.62 045 =0.15
SR I S0 10 151588 £92818  0.92 +0.14
' ' 24 10 591.67 + 192.93 0.81 +0.16
0 100 122.16 = 5.89 0.14 = 0.02
.. AsHECSss 24 100 11570 £537 015 =0.01
S ot e T 10 12204=1016  0.14 =002
' ' 24 10 109.41 = 8.36 0.15 = 0.003
0 100 35320 £15261 031 +0.06
| AgHECs, 24 100 158.75 £63.33*  0.40 =0.15*
e 10 254489 =14905 040 £0.09
o 24 10 173.92 + 7.75*  0.36 +0.11*
0 100 304.80 +34.89 037 +0.07
‘C.—poteﬁ:igj[(]fn(\?i 57 204 11000 226913.6833 2 266.7866 gif + ggg
: : + 0. 41 £ 0.
20T 24 10 219.33 +5.13 0.4+ 001
0 100 91.27 + 5.79 0.31 = 0.01
oo sy —2—00_SO1T 430334007
) k] =8 A4 0.
L 24 10 90.78 + 7.52 0.33 £0.01
_ 0 100 21043 £1034 013 +0.04
_ TO,NKD 24 100 22759 +7054 013 %001
“—'Pofiglglﬁ(f; ;SD): 0 10 22357 3607 0.17 = 0.05
' ' 24 10 476.59 £410.76  0.47 £0.15
| 0 100 183876 £912.16  0.96 = 0.05
. s 24 100 47269 £8453 0742008
e 10 10379.41 £2719.64 076 =0.17
' ' 24 10 161.69 + 59.01 0.34 £ 0.06

The (-potential resulted highly negative for AgCUR, AgNKD and TiO>-N
(respectively -34.13, -27.57 and -17.45 mV), slightly negative for AgPVP and
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Ag-HECss5 (-6.07 mV and -4.71 mV, respectively) and positive for AGHECp,
AgHECss4 and TiO;NKD (+9.92, +21.1 and +18.26 mV). This differential
surface property of the different NPs is related to the different doping and the
particle delivery forms, the (-potential of HECs and HECp being different.

NP suspensions, prepared in MilliQ water, were also analyzed by transmission
electron microscopy (TEM) to qualitatively evaluate their morphology and
agglomeration state (Figure 4.1). All the NPs showed primary particles with a
spherical shape in the range of 20 to 30 nm. AgHECss s, AgHECp and AgCUR
resulted better dispersed compared to the other NPs, which were characterized
by agglomerates in the order of hundreds of nm, as already observed by DLS
analysis. This difference in agglomeration is a relevant outcome of the
different surface modifications which allow for a better dispersion during
manufacturing processes, such as spray coating of textile, at the same time,

agglomeration state greatly affects bio-interactions and effects in living cells.
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AgHECs; 5 AgHECp

Figure 4.1. Transmission electron microscopy images of Ag and TiO> NP
suspensions. NPs in MilliQ water were analyzed by TEM. The images show how
particle suspensions are dispersed and a detail of small agglomerates or single
particles.

4.3.2 Cell Viability

Viability decreased concentration-dependently for all the Ag particles tested,
but the AgCUR and AgHECss s, with a clearer effect for the AgHECp NPs
and, especially, AgHECs¢4 (this latter not further tested due to the high
cytotoxicity). TiO2 NPs showed no effect on cell viability at the tested
concentrations (Figure 4.2 and 4.3). Given the general low cytotoxicity of

these NPs, the 24 h IC50 was calculated only for AgHECp and AgHECses.4
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(Table 4.2) while for the other NPs we assume the ICso to be higher than 100

pg/mL.
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Figure 4.2. Cell viability after Ag NPs exposure. The graphs show the percentages
of cell viability compared to the negative control, assessed by Alamar Blue assay
after 24 h of treatment. Data are presented as the mean of at least three independent
experiments = SE. Statistical analysis: one-way ANOVA followed by Dunnett’s test.
*p < 0.05 compared to control; ** p < 0.01 compared to control; *** p < 0.001
compared to control group.
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Figure 4.3. Cell viability after TiO> NPs exposure. The graphs show the percentages
of cell viability compared to the negative control, assessed by Alamar Blue assay
after 24 h of treatment. Data are presented as the mean of at least three independent
experiments + SE. Statistical analysis: one-way ANOVA followed by Dunnett’s test.
*p < 0.05 compared to control; ** p < 0.01 compared to control; *** p < 0.001
compared to control group.
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Table 4.2. ICs after 24h of exposure to NPs. Given the high cytotoxic effect at the
concentrations used for the experiments, the lower and upper EC50 limits for

AgHECss 4 were not calculated by the statistical analysis.

Estimate  Lower limit  Upper limit

AgHECs, 7.29 - -

AgHECp 57.05 47,61 70,01

4.3.3 Reactive Oxygen Species Formation

After 90 min of treatment, AGNKD and AgPVP at the exposure concentration
of 50 pg/mL and TiO>NKD at the exposure concentration of 100 pg/mL
induced a significant increase in intracellular ROS. A non-significant increase
was observed in AgHECp and TiO>-N exposed cells, while absence of
modulation was observed in AgHECss s and AgCUR treatments (Figure 4.4).

£

2.5
2

1:5

C- AgNKD  AgPVP AgHECs5.5 AgHECp AgCUR
pg/mL

Intracellular ROS (F.I)
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Figure 4.4. Reactive oxygen production after 90 min of treatment. a) Ag NPs
treatments; b) TiO, NPs treatments. Data are presented as the mean of at least three
independent experiments = SE. Statistical analysis: one-way ANOVA followed by
Dunnett’s test. * p < 0.05 compared to control non exposed cells.

4.3.4 Inflammatory Response (IL-8 Release)

The release of the inflammatory mediator (IL-8) in A549 cells after 24 h of
exposure to Ag NPs was modulated differently by the different NPs (Figure
4.5a). Although some increase of IL-8 in treated samples, statistically
significant increases were observed only for the higher concentrations of
AgHECss5 (100 ng/mL) and at the concentration for 50 pg/mL of AgHECp.
AgPVP was the least active in inducing IL-8 modulation. Interestingly,
AgCUR NPs reduced the release of IL-8 in a concentration-dependent fashion,
with significant reduction already at 10 pg/mL. TiO, NPs had no significant
modulation on IL-8 release (Figure 4.5b).
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Figure 4.5. The inflammatory response (IL-8 release). IL-8 protein concentration
was differently modulated by the NPs. a) Ag NPs treatments; b) TiO; NPs treatments.
Data are presented as the mean of at least three independent experiments = SE.
Statistical analysis: one-way ANOVA followed by Dunnett’s test. * p < 0.05 and ***
p < 0.001 compared to control group.

4.3.5 Oxidative DNA Damage (yH2AX)

The increase in the fluorescent signal of H2AX (Figure 4.6) after A549
treatment with the different NPs was significant for all the Ag NPs at the
concentrations tested (20 and 50 pg/mL), except for AgCUR NPs. The
AgHEC NPs showed a high increase in H2AX phosphorylation at the
concentration of exposure of 20 pg/mL. TiO> NPs exposure caused an increase

in H2AX phosphorylation, significant only for TiO>-N at 50 and 100 pg/mL.
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Figure 4.6. DNA damage (expressed as FC of yH2AX) was determined by quantifying
the increase in the yH2AX protein. a) Ag NPs treatments; b) TiO, NPs treatments.
Data are presented as the mean of at least three independent experiments + SE.
Statistical difference analyzed by one-way ANOVA and Dunnett’s test. * p < 0.05
compared to control; ** p < 0.01 compared to control; *** p < 0.001 compared to

control.

4.3.6 Cell-Particle Bio—Interactions

The SSC reported show (Figure 4.7) that A549 cells treated with AgCUR,
TiO2-N, AgNKD and AgPVP had the lowest scattering values and the Ag-
treated were statistically different from the control only at the higher
concentration of exposure (except for AgCUR NPs that showed no statistical
significance at the concentration tested, maybe due to their higher stability in
suspension that may reduce the number of depositing NPs and their lower
interactions with cell membrane due to the negative surface charge). On the
contrary, cells treated with AgHECsss and AgHECp resulted in higher SSC
values and therefore higher cell-particle interactions (significant values
different from the controls already at the concentration of 10 pg/mL, p <
0.001). Cells treated with TIOoNKD NPs had the higher scattering values,
statistically significant at all the tested concentrations, while for TiO2-N only
the higher concentrations (50 and 100 pg/mL) were significant.
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Figure 4.7. Bio-interaction analysis. The side scatter (SSC) values of cells exposed
at different concentrations of the different NPs. a) Ag NPs treatments, b) TiO> NPs
treatments. Data are presented as the mean of at least three independent experiments
+ SE. Statistical analysis: one-way ANOVA followed by Dunnett’s test; * p-value =
0.05; *** p-value = 0.001 compared to control.

4.4  Discussion
Ensuring the safety of NMs and NEPs is crucial due to their potential intrinsic
2020). Typically,

toxicological evaluations are performed after synthesis to determine if these

hazard at the nanoscale (Demir, 2021; Schmutz et al.,
particles pose a risk to humans and the environment. SbD approaches aim to
provide early evidence of safety throughout the life cycle of NMs, minimizing
unexpected risks post-exposure (Delrue et al., 2016; Ma et al., 2017). Key
questions revolve around the predictive capacity of SbD for chronic effects,

given the absence of acute toxicity. AOPs have offered a novel framework for
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supporting SbD approaches (Delrue et al., 2016). Within the framework of
AOPs, we identified AOP #173 related to lung fibrosis of substances
interacting with the membrane components (e.g., receptors and lipids) of lung
cells, leading to fibrosis. The induction of lung fibrosis due to NP exposure
has been proposed by several researchers (Ma et al., 2017; Roda et al., 2019;
Sun et al., 2015; Wang et al., 2017). Data indicates the interaction of Ag NPs
with cell membranes, with internalization playing a significant role in
cytotoxicity. Indeed, the capability of some metal or metal oxide NPs to exert
their adverse effects through the intracellular release of metal ions after
internalization is largely reported (Glinski et al., 2021; Lubick, 2008; Niu and
Tang, 2022; Studer et al., 2010). Internalized NPs might interact with cellular
macromolecules according to their affinity or by generating ROS (Capasso et
al., 2014; Niu and Tang, 2022). TiO> NPs proved to be safer, despite being
able to be internalized by the cells, TIO.NKD was only able to induce ROS
production at the higher dose, while TiO2-N was effective in inducing H2AX
phosphorylation, with a minor entity with respect to Ag NPs. In the literature,
it is proven that TiO> NPs are able to induce the formation of ROS and
inflammatory response, but the entity of their cytotoxicity strongly depends
on the cell line and the exposure conditions (Bacova et al., 2022; Brandao et
al., 2020). Although the relatively low TiO»-induced acute toxicity, and
considering its ability to accumulate into the cells, particular attention should
be dedicated to the chronic cytotoxic effects of this insoluble and persistent
particles since their long-term toxicity is reported (Armand et al., 2016;
Coccini et al., 2015; Shajari et al., 2021).

The results here reported show a significant increase in ROS after 90 min of
exposure for Ag NPs, according to the expected oxidative burst usually
reported few hours after exposure of in vitro or in vivo models to NPs (Capasso
et al., 2014; Martins et al., 2017; Moschini et al., 2013; Rahmanian et al.,

2021). We would like to speculate, that the absence of positive results with
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the HEC coated NPs, may be related to a quenching effect or a masking effect
of the HEC over the fluorescent probe used to test ROS. In fact, according to
the short life of reactive species in cells, we observed, also in HEC coated Ag
NPs, the increase in H2AX, a marker of oxidative damage of the DNA, that is
also related to precedent ROS formation (Hoffmann and Griffiths, 2018; Zhao
et al., 2016). ROS generation and inflammatory mediator release have been
associated (Castranova, 2004; Delgado-Roche and Mesta, 2020; Geering et
al., 2013; Sharma et al., 2021), contributing to the modulation of IL-8 we
reported here. The activation of the inflammation a significant key event in
lung fibrosis (Alessandri et al., 2013; Gomez-Mejiba et al., 2009; Nissinen
and Kéihéri, 2014; Selman and Pardo, 2020). The differences we have
observed between the differentially coated NPs are relevant in the SbD
concept. AgCUR NPs appeared to induce fewer adverse events related to the
selected AOP, compared to AgNKD and AgPVP, whereas AgHEC NPs
exhibit differences in toxicity based on the HEC coating. AgHECp display
higher toxicity, determining the highest cytotoxicity and IL-8 modulation,
while the DNA damaging potency was similar between the two AgHEC NPs.
The higher toxicity of AgHEC NPs could be related to both their higher
stability and lower agglomeration in toxicological media as compared to
reference Ag NPs (Ciekot et al., 2021; Sheikhi et al., 2019), and the direct
effect of the HEC coating in favouring the internalization of the Ag NPs
(Ciekot et al., 2021). The lower toxicity of AgCUR NPs may be explained
through the well-known antioxidant and anti-inflammatory properties of
curcumin (Mary et al., 2018; Peng et al., 2021). The results here reported
support that curcumin may counteract the adverse effects of Ag NPs after
doping particles surface, being a safer solution. Nonetheless the capability of
curcumin to alter the inflammatory response pathway should be considered in
relation to the specific application the NPs are intended. Finally, in the context

of SbD and AOP outcomes, the production and use of AgHEC NPs should
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involve wet procedures rather than drying the NPs for subsequent
applications, given the different toxic effects reported for these two NPs. The
increased hazard of AgHEC in powder form may relate to potential p-chem
transformations of the coating polymer during the processes, although specific
analyses are needed to define the actual chemical or physical transformation

of the doping molecule.

4.5  Conclusions

In conclusion, novel NPs were characterized and tested in parallel for their
hazards according to a SbD approach combined with relevant AOP events.
The combination of these two relevant frameworks showed efficacy in
characterizing the hazards of different NPs and defining which production and
use procedure should be considered with lower expected risk. The doping of
the surface of NPs seems to have a primary role in driving the toxicity of the
newly synthetized particles and the selection of coated NPs with lower
intrinsic hazards should be favored for subsequent testing and use in

manufacturing procedure.

4.6 Data curation

The data collected during the toxicological analysis were useful for the
development of quantitative models to predict hazard (Annex II). The
collected data were curated and merged for the development of new approach
methodologies based on regression and classification machine learning
algorithms, aiming at predicting a hazard class. The probabilistic model
developed is based on Bayesian networks to predict hazard, achieving an
average accuracy of around 78%. This work demonstrates the practical
application of the SbD approach, providing quantitative hazard criteria for

safer NMs synthesis, highlighting challenges, and paving the way for future
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criteria that can guide material engineers and enable a fast and cost-efficient

in silico toxicological screening of new NMs.
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Chapter 5

An integrated new approach methodology for risk assessment

of Safe and Sustainable by Design nanomaterials

5.1 Introduction

The regulatory system for chemical safety assessment relies largely on in vivo
approaches while the European Commission is trying to reduce the use of
animal models in compliance with the 3R principle (reduction, replacement,
and refinement of animal employment for scientific purposes). /n vivo testing
is expensive, time-consuming, and banned in Europe for cosmetic testing
(Regulation EC No 1223/2009). In this scenario, in vitro and in silico systems
offer progressively reliable and advanced alternatives, also through the
development of new approach methodologies (NAMs) for hazard and risk
assessment of chemicals. NAMs are strategies based on in vitro and in silico
methods that can provide information on the hazard and risk assessment of
chemicals without involving animal testing (ECHA, 2016).

Depending on their structure, NAMs can be a practical tool that allow using
available data for designing new experiments and models, with the purpose of
generating data that give helpful information for human risk assessment
prediction. NAMs may also represent completely new testing strategy that,
avoiding the use of animals, deliver reliable data relevant for human
physiology and risk assessment (El Yamani et al., 2022). Therefore, through
a NAMs approach is possible to improve the understanding of the
toxicological mechanisms of a new NM and to evaluate in advance its toxicity
proposing new materials or refining the NM to lower the undesired negative
effects already starting at the early stages of production (Nymark et al., 2020).

In the context of new NAMs, data collection through monitoring campaigns,
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in silico modeling, and in vitro testing are relevant alternative to classical in
vivo toxicological approaches.

The use of NAMs for the hazard assessment of chemicals, including
nanoparticles (NPs) and nano-enabled products (NEPs), is rapidly increasing,
due also to the request of the European Commission to promote new tools for
the development of safe and sustainable by design (SSbD) materials (Caldeira
et al., 2022).

Some attempts of introducing NAMs in toxicity testing were done by
integrating different strategies. Turley et al., (2019) conducted a comparison
between ToxCast and in vivo toxicity data to evaluate the program accuracy
in predicting the bioactivity of indirect food additives in the context of safety
assessment. In another study, Mannerstrom et al., (2022) employed various in
vitro tests coupled to a focused analysis of different substances representative
of indoor air samples tested. The aim was to establish a connection between
the composition of the samples and their biological effects.

The results of these two studies showed that the proposed NAMs need
improvements for their direct application to risk assessment; nonetheless, the
development of NAMs is important to provide information on the mechanism
of action of chemicals, useful for safety screening of new materials and for the
definition of novel approaches reducing the use of animals. More recently
Ramanarayanan et al. (2022) proposed a NAM for pesticides based on an
integration between source characterization and in vitro models, aiming at
defining human exposure concentrations relevant for risk assessment.

In the last decades, the production of new nanomaterials (NMs) increased,
since their broad range of properties translates into an extensive variety of
practical applications and an attractive commercial impact (Mazari et al.,
2021). When nanomaterials are produced or used in various industrial
processes, NPs can be released into the environment and workers can be

exposed. The release of NPs can occur through various routes, such as
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airborne release, water release or direct contact. The airborne release is the
most common during manufacturing processes such as spraying, milling,
grinding, or simply by handling of powders. These airborne particles can be
dispersed in the environment, inhaled by workers therefore resulting in
continuous and prolonged exposure.

In time, some attempts to create a guideline to assess the occupational
exposure to airborne NPs have been developed (CEN, 2018; ISO, 2007;
OECD, 2015), given that many workers are potentially exposed to these new
pollutants by inhalation.

The understanding of the release of NPs during the production process is a
valuable resource for conducting risk assessment and implementing effective
risk management strategies. The proper evaluation of the environmental
concentration of NPs in selected environments, by field monitoring campaign
(Boccuni et al., 2020; Trabucco et al., 2022) or laboratory simulations (Natale
et al., 2022), can provide the metrics (particles number or mass
concentrations) for the evaluation of human exposure by inhalation. The
evaluation of human realistic exposure doses is becoming increasingly
important in the risk assessment framework, since the effects of NPs on health
are affected not only by their physical chemical properties and the route of
exposure, but also by the delivered dose (Paur et al., 2011).

Currently performed in vitro toxicological studies use unrealistically high
concentrations of NPs (Cao et al., 2021; Mittal et al., 2020; Tomankova et al.,
2015), while realistic doses might differ and be lower, also considering control
measure normally used in workplaces (Ling et al., 2011; Salmatonidis et al.,
2019). Therefore, to test realistic doses on an in vitro model, it is essential the
evaluation, by computational models, of the most likely deposited lung dose(s)
of a person exposed to NPs during the production of NMs.

Computational models represent a valid instrument to translate data obtained

from field monitoring studies into deposited lung doses. Among the different

69



Chapter 5 - An integrated NAM for RA of SSbD NMs

options, the Multiple Path Particle Dosimetry (MPPD) model
(https://www.ara.com/mppd/) is a well-established computational model that
allow to calculate the deposition and the clearance of an aerosol of NPs. The
model requires input data such as NPs number and mass concentrations, and
size distribution to estimate the regional deposition of the NPs and the
retention dose of the aerosol. This model is broadly applied with the purpose
of assessing the deposition of aerosols in the respiratory tract of humans and
laboratory animals (Amoatey et al., 2022; Kuprat et al., 2021; Manojkumar et
al., 2019).

The realistic doses calculated by computational models can then be used as
reference for providing relevant hazard data thank to the use of in vitro
models, as closer as possible to the physiology of the target organ, that
represent the proper closure to obtain risk assessment data according to NAM
and 3R frameworks.

The main aim of this study is to provide a NAM that integrates environmental,
modelling, physical chemical, and toxicological information to define the
hazard of silver (Ag)- and titanium dioxide (TiO2)-based NMs designed with
different coatings according to a Safe and Sustainable by Design approach
(SSbD). The NPs were synthesized with the aims of reducing their toxicity
(curcumin coating) and improving their stability (hydroxyethyl cellulose —
HEC coating) in suspension still maintaining their antimicrobial (Ag-based
NPs) or their photocatalytic properties (Ti-based NPs) with respect to
commercial uncoated NPs. Given their commercial interest, these NPs are
here tested according to a new NAM procedure. In this study, the lung-retained
dose of two selected NPs was determined from monitoring campaign data
elaborated through the MPPD model. The model-estimated doses,
representative of a chronic human exposure, were used for the exposure of an
in vitro model of the alveolar space (a contact air liquid interface — ALI co-

culture model of A549 and macrophages derived from THP-1 cells) by means
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of an aerosol exposure system. The alveolar space is expected to be one of the
main targets of aerosolized NPs and the region for gas exchanges which
physiology is essential for well-being of humans. We also provide information
on using two different exposure modules, one based on generation of aerosol
droplet allowing deposition by gravitation settling (Vitrocell Cloud a) and the
other requiring the ad hoc generation of the desired NPs aerosol but allowing
for deposition by random movement and gravitation settling (Cultex Compact
Module). The different steps for replicating the proposed NAM are described
together with the relevant steps for correctly determining the actual dose of

exposure of the in vitro model with an ALI exposure system.

5.2 Materials and Methods

5.2.1 Nanoparticles and reagents

The nanoparticles (NPs) used in this study have a silver (Ag) or titanium
dioxide (TiO2) core with different coatings. Ag NPs are used uncoated
(AgNKD) or coated with polyvinylpyrrolidone (PVP), hydroxyethyl cellulose
(AgHECs and AgHECp) or curcumin (AgCUR). AgNKD and AgPVP NPs
were obtained by Sigma Aldrich (#484059 and #576832, Milano, Italy) while
AgHEC, already as colloidal suspension (AgHECs) or as freeze-dried powder
(AgHECp), and AgCUR were synthesized and provided by the Italian
National Research Council (ISSMC-CNR, former ISTEC-CNR, Faenza,
Italy). TiO» NPs are used without modifications (TiO2NKD, reference
material) or in a nitrogen-doped form (TiO,-N). Reference TiO2 NPS (namely,
NM105) were obtained from the European Union Joint Research Centre,
while TiO>-N NPs were synthesized by Colorobbia Italia, SPA (Sovigliana
Vinci, FI, Italy) and freeze-dried by ISSMC-CNR. All chemicals and reagents

were purchased from Sigma Aldrich (Milano, Italy) if not stated elsewhere.
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5.2.2 Preparation of the suspensions

The NPs stock suspensions were prepared in Milli-Q water and used for both
characterization and exposure. The NPs provided already as suspensions
(AgHECs and AgCUR) were simply vortexed for 30 s and then diluted in
Milli-Q water to reach the final concentration of 1 mg Ag/mL, considering the
mass ratio between the Ag core and the surface doping molecules. For the NPs
provided in powder form (AgNKD, AgPVP, TiO,NKD and TiO>-N) the NPs
were weighted and diluted in a 50 mL falcon tube with Milli-Q water to reach
the concentration of 1 mg of Ag or TiO2/mL. Then, the tubes were placed in
an insulation box filled with ice and sonicated with an ultra-sonicator
(Sonopuls HD3100, Bandelin, Berlin, Germany) equipped with a 2 mm probe.
NP suspensions were sonicated by applying an electrical power of 40 W for
10 min (with cycles of 1 s pulse and 1 s pause). AGHECp NPs were directly
diluted in Milli-Q water and vortexed for their high dispersibility in water.
Stock suspensions were then further diluted at the final concentration of 100
ug of Ag or TiO2/mL in Milli-Q water for TEM and DLS characterization or
diluted at the desired concentration for deposition efficiency measurement and

cell exposures in Milli-Q containing 0.5% of PBS.

5.2.3 Environmental monitoring campaign and lung deposition doses

A dedicated monitoring campaign was performed at a site of nano enabled
products manufacturing as previously reported (Koivisto et al.,, 2022;
Trabucco et al., 2022). Briefly, monitoring of the NPs present in the
atmosphere of a pilot plant was performed during normal production phases
of nano enabled products (NEPs, in the specific case textiles functionalized
with AgHECs and TiO>-N NPs, the other NPs used for toxicological hazard
evaluation have been selected for comparative scope, in accordance with the
SSbD approach). Particle number size and mass concentrations were obtained

in real time by deploying the following instruments: an SMPS (L-DMA and
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CPC mod. 5403, Grimm Aerosol Technik, Ainring, Germany), an OPC (mod
11 D Grimm Aerosol Technik, Ainring, Germany) and an aerosol photometer
(DustTrack II mod. 8530, TSI Inc., Shoreview, MN, USA). Monitoring was
performed at different distances from the spray coating machinery: at Near
Field (NF) position, in proximity to the spray chamber and at heights from 1
to 1.3 m, into the spray coating cabinet and at Far Field (FF) to account for
environmental contribution to NPs distribution. NF data, subtracted from
interferences from the background, were then used to determine the average
size of airborne particles and the average density of the particles. These values
were then used to calculate, according to mass concentration values, the

expected alveolar retained dose with the MPPD 4.01 software.

5.2.4 Laboratory lung in vitro model exposure

The in vitro co-culture model (paragraph 5.2.6) was exposed to the different
NPs in a Vitrocell® Cloud alpha 12 system equipped with a nebulizer with a
droplet MMAD ranging from 4.0 to 6.0 um and a Quartz Crystal Microbalance
(QCM) for the measuring of the deposited mass. For each NP, 200 pL of a
suspension, at concentration defined according to the deposition efficiency of
the selected NP, were loaded in the nebulizer, and completely aerosolized for
25 seconds. Then the obtained cloud (NPs plus dispersion medium) was left
to settle for 15 minutes. These procedures were performed under a sterile
hood. The exposed cells were then transferred to a CO> incubator for 24 hours
before measuring the biological endpoints.

Between one spray and the next, the nebulizer was cleaned by vaporizing two
time consecutively 400 pL of Milli-Q water. Three separate nebulizers were
used, one for the negative control (0.5% PBS in Milli-Q), one for the Ag NPs
and one for the TiO, NPs. The mass contribution of the suspension medium
(Milli-Q with 0.5% of PBS) was preliminary measured and then subtracted to

the final deposited mass of each NP suspension. Furthermore, to evaluate and
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reduce the contribution of the PBS salts to the measured mass, without
affecting the nebulizer functioning, solutions containing different
concentrations of PBS (50, 10, 5 and 0.5%) were nebulized and the deposited
mass was measured.

Additional tests were performed with the same co-culture model but with an
alternative approach by using the Cultex® RFS Compact module and the
AgHECs only. The system is not provided with a nebulizing system but allow
to expose the cell at a flux of particles, mimicking the inspiration flux.
Particles in this model deposit according to their physical properties rather
than as total gravimetric deposition such as in the Vitrocell® Cloud alpha 12
system. Briefly, the RFS Compact module was placed under a chemical bench
and connected to a sampling line deriving from an expansion chamber (see
Figure S6). Particle were generated by a Collison nebulizer (BGI, Inc.) filled
with 60 mL of a 100 pg Ag/mL of AgHEC:S particles. Particle size distribution
generated by the Collison was preliminary controlled by dedicated
experiments (data not shown). Particles nebulized were dried to allow
counting with a DiSC mini (Schaefer, Italy) instrument while part of the
generated flux was derived to the expansion chamber where temperature was
set to 30 °C and relative humidity of the aerosol increased at around 50-60%.
The Cultex® module allowed to expose three inserts to the particles arriving
from the expansion chamber while three inserts were exposed to the same flux
of filtered air. The deposited mass of the generated aerosol is provided
according to (Gualtieri et al., 2022). The two models differ substantially on
the way the particles are dispersed and delivered to the cell culture. The Cloud
system relies on vibrating mesh nebulizers having droplet median mass
aerodynamic diameter (MMAD, i.e., the average size of particles constituting
the deposited aerosol) ranges of 2.5 — 6.0 um, 2.5 — 4.0 pm and 4.0 — 6.0 um.
The nebulizers therefore generate an aerosol which droplet are at least one

order of magnitude bigger than the nebulized nanoparticles. This is functional
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to depositing most of the mass present in the nebulizer considering
gravitational deposition as the main process. On the contrary, the Cultex model
is not provided directly with a nebulizing system and different approaches may
be selected to provide the aerosol to the system. The aerosol is delivered to the
cell culture model by a strictly controlled air flux and the forces that drive
particles deposition are both gravitational settling and random movements
according to the properties (such as diameter, shape, and density) of the
original particle. This main difference in the two system must be carefully

considered for a proper understanding of the reported results.

5.2.5 Deposition efficiency

To define the concentration of the suspension of NPs to be nebulized in the
Vitrocell® Cloud alpha 12 system to obtain a desired deposited mass, the
measurement of the deposition efficiency is a mandatory step to avoid
misinterpretation of the results, above all when comparing different NPs. To
measure this parameter the deposited mass of the different NPs is to be
evaluated, starting from a suspension at known concentration (150, 250 or 500
pg of Ag or TiO2/mL in the experiments here reported). To measure the
deposited mass the same procedure used for cell exposure was applied except
that, after settling of the cloud, the nebulizer chamber was removed for 5
minutes to let the water to evaporate, a required step for correct mass
measurement with a dedicated quartz crystal microbalance (QCM). For the
mass measuring, the chamber was placed back and the reading with the QCM
started. The microbalance was allowed to stabilize for 5 minutes and until a
stable signal was recorded. The last thirty (30) consecutive values of the stable
signal from the QCM were then averaged to obtain the actual deposited mass
for the different NPs.

The deposition efficiency of each NP requires the definition of the expected

maximal theoretical deposited mass, calculated according to equation (1)
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C* Vheb
1
y (1)

expected dep. =

where c is the concentration of a given NP suspension, Vieb is the volume of
suspension nebulized (200 pL in our experiments) and A. is the cross-
sectional area of the aerosol chamber (141.5 cm?). A limiting factor to
calculate the maximal deposition is the definition of the concentration ¢ for
each NPs. This concentration should permit the dispersion of the whole
content of NPs without artefacts. According to preliminary experiments, the
following suspensions in Milli-Q with 0.5% PBS were used for the different
NPs: AgNKD suspensions at 500, 250 and 150 pg/mL; AgPVP, AgCUR,
TiO2NKD and TiO>-N suspensions at 250 pg/mL; AgHECs and AgHECp
suspensions at 150 pg/mL.

The actual deposited mass, as measured by the QCM, was then used to

determine the deposition efficiency (DE) for each NP according to equation

(2).

d ” L. (DE) measured deposited dose 100 )
= *
eposition ef ficiency expected deposited dose 2)

Each NP, having specific physical and chemical properties, was tested for its
deposition efficiency. DE was then used to determine the concentration of the
different suspensions to be nebulized to obtain the desired dose of exposure

according to equation (3).

Dose of exposure A
* 100 * =5
DE Vneb (3)

1000

Conc =
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Where Dose of exposure is the final desired dose of exposure to be obtained
after spraying, DE is the efficiency of deposition specific for each NP
calculated according to (2), Ac is the area of the Vitrocell Cloud chamber,
while Vye is the volume of suspension to be nebulized (200 pL in the
experiments here reported).

The experiments here reported were performed considering the MPPD derived
average retained alveolar doses (Table 5.1) considering 1, 6 or 12 months of

workplace related human exposure.

5.2.6 Air-Liquid Interface Co-culture of A549 and THP-1 derived
macrophages

Both cell lines used for the formation of the co-culture were cultivated in
OptiMEM medium (Life Technologies Monza, Italy) supplemented with 10%
fetal bovine serum (FBS; Gibco Life Technologies, Monza, Italy) and
antibiotics (penicillin/streptomycin, 100 U/mL; Euroclone, Pero, Italy).
Human alveolar epithelial cells (A549 cell line, ATCC® CCL-185™ ATCC,
Manassas, VA, USA) and human monocytes (THP-1 cell line, ATCC®
TIB202™) were cultivated in submerged conditions prior co-culture set-up.
Cells were maintained in an incubator at 37°C and 5% CO>. A549 were seeded
on the apical side of the porous membrane (with a pore diameter of 1.0 um)
of 12 well inserts (cellQART, SABEU GmbH & Co. KG, Northeim,
Germany) at a density of 5x10* cell/insert and allowed to grow for 48 hours.
THP-1 cells were differentiated (dATHP-1) for 24 h with 20 ng/mL of Phorbol
12-myristate 13-acetate (PMA). After differentiation, the medium was
removed, and cells were allowed to recover for 24 h in fresh medium. The co-
culture was then formed by adding differentiated dTHP-1 directly in contact
with the A549 cells with a ratio of 1:10. dTHP-1 cells were left to seed for 4

h, then the medium in the apical side of the inserts were removed and fresh
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medium was added in the basal side of the well. After 24 h of differentiation
at the Air-Liquid Interface (ALI), the co-culture was considered established.
The exposure of the co-culture to the different NPs was performed as already
described.

The morphology of the co-culture was observed through scanning electron
microscopy (SEM) using a TESCAN Vega®XM 5136 SEM operating at 20
kV acceleration voltage (Figure S5).

5.2.7 Cytotoxicity

The cytotoxicity of the co-culture was assessed through the CyQUANT™
LDH Cytotoxicity Assay (Invitrogen Life Technologies, Monza, Italy). 24 h
after the exposure to the NPs, the medium from the basolateral compartments
of control and exposed cells was collected and the level of LDH (Lactate
Dehydrogenase) was assessed immediately to avoid any loss of activity,
following manufacturer’s instructions. As a positive control, the Lysis buffer
included in the kit was added to an insert for 45 minutes to lysate all the cells
cultured on the insert obtaining the maximal amount of LDH. 50 pL of each
sample were transferred in triplicate in a 96 multiwell plate and 50 pL of the
reaction mixture were added. The plate was incubated at room temperature
and in the dark for 30 minutes. Then, 50 ul of stop solution were added and
the absorbance was measured at 490 nm, with a reference of 680 nm, using a
TECAN Infinite M200 Pro microplate reader (TECAN, Minnedorf,
Switzerland). The cytotoxicity is expressed as relative variation over the

positive control performed by complete lysis of the cells.

5.2.8 Cytokines release
As an index of pro-inflammatory activity, the quantification of three selected
cytokines was done through ELISA assays (Invitrogen Life Technologies,

Monza, Italy) according to manufacturer’s instructions. The quantification of
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the release of Interleukin 8 (IL-8), Interleukin 6 (IL-6) and Interleukin 1f (IL-
1B) was performed on the media of the basolateral side collected from each
insert after 24h of exposure to the NPs. The undernatants were stored at -80°C
until analysis. The absorbance of the samples was measured using a TECAN
Infinite M200 Pro microplate reader (TECAN, Ménnedorf, Switzerland). The
concentration of interleukins was calculated based on standard curves and data

are shown as fold change compared to the negative control.

5.2.9 Data collection and statistical analysis

Data of deposition efficiency are expressed as the mean + standard deviation
of mean (SD) of at least three independent experiments (N > 3, if not otherwise
stated). For the cytotoxicity, three technical replicas for each biological
replicate were analyzed. Statistical analyses were performed using the R
software (R Core Team, 2022), applying the one-way ANOVA test followed
by Dunnett’s post hoc test. The homogeneity of the variance was confirmed

by Levene’s test. Values of p < 0.05 were considered statistically significant.

5.3 Results

5.3.1 Environmental monitoring campaign and lung deposition modelling
The particle number size distribution at a factory processing textile by spray
techniques for nano-coating are reported in Trabucco et al., (2022). The data
collected were used to determine the measured geometric mean concentration
(39 and 94 pg/m3 for AgHEC and TiO»-N respectively) and average density
(6.5 g/em3 and 2.1 g/cm3 for AgHEC and TiO»-N, respectively) of the
particles, while polydisperse particle distributions obtained from field
campaign data were used as count median distribution (CMD). These values
were then used in the MPPD 4.01 software to obtain the lung deposited dose
also considering clearance (Table 5.1). A classical shift of 8 hours for 5

consecutive days a week was considered for estimating worker exposure.
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Deposition was modelled in an adult considering a human symmetric lung
geometry with 24 consecutive segments, a total lung capacity (TLC) of
5558.09 mL, a functional residual volume (FRC) of 3300 mL, a scaling tree
factor of 1.053, a lung distal volume of 2850 mL and a volume of conducting
airways of 171.31 mL. The breathing frequency was considered equal to 20
breathing per minute (1.5 sec for inhalation and 1.5 sec for exhalation), the
tidal volume was set to 1100 mL and the nasopharyngeal death space equal to
50 mL. The low number and mass concentration of nanoparticles measured at
the working area determined a low mass of AgHEC and TiO2 nanoparticles
deposited at the alveolar region on daily basis that was in the order of few ng
per square cm. These values considering the high density adopted for the
calculation may be even lower for other materials with lower density.
Considering a cumulative deposition (Table 5.1), over a year of continuous
exposure, the expected retained dose reached the order of hundreds of

nanograms (232 and 324 ng/cm? for Ag and TiO; respectively).

Table 5.1. Average alveolar retention dose. The doses representative of an exposure
of one week shift, 1 month, 6 months and I year for the two representative NPs used
during the monitoring campaign are reported in the table, the values calculated by
the MPPD model are highlighted in grey.

Average Alveolar Retention dose

S days 1 month 6 months 1 year

AgHEC 4.47 ng/cm? 19 ng/cm? 116 ng/cm? 232 ng/cm?

TiO,-N 6.23 ng/cm? 27 ng/cm? 162 ng/cm? 324 ng/cm?
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5.3.2 Deposition efficiency

The measurement of deposition efficiency typical for each NPs is essential to
reproduce in vitro the deposited dose calculated through the MPPD model. To
calculate the deposition efficiency for each NP, the maximal theoretical
deposition was obtained, for different NPs concentrations, according to

equation (1) and the results are reported in Table 5.2.

Table 5.2. Maximal theoretical deposition for each single nebulization based on the
suspension concentration in ug/mL of NPs.

ug in each spray ug/cm? ng/cm?
Deposit expected for 500 ng/mL: 100 0.71 707
Deposit expected for 250 ug/mL: 50 0.35 353
Deposit expected for 150 ug/mL: 30 0.21 212

The actual deposited dose was measured by the QCM for each NP. A
preliminary assessment of the mass deposited by the spraying medium (Milli-
Q with PBS) was performed to obtain the mass attributable to the selected
spraying medium that is to be subtracted to obtain the final NPs mass. The
suspending medium, Milli-Q with 0.5% of PBS, was finally selected for NPs
exposures and deposition efficiency measurements. The QCM measured

deposited doses are reported in Table 5.3.

Table 5.3. Measured deposition of Ag and TiO.. The results are obtained by spraying
different ug/mL of NP to estimate the best conditions. The mass of Ag or TiO; was
calculated considering the mass ratio of Ag or TiO: over the doping molecules in the
different NPs (for AGHEC:s the silver is 8.04%, for AgHECp it is 7.7% and for AgCUR
it is 47.5%. For all the other NPs, the amount of Ag or TiO; is close to 100%). * =
NPs not tested on the biological model.
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pg/mL PBS (%) Deposited mass (ng/cm?) = SD

AgNKD 250 0.5 109.65 +15.08
AgPVP* 250 0.5 19113793
AgHECs 150 0.5 121557 -13:11
AgHECp* 150 J 136.85 +16.11
AgCUR 250 0.5 307.81 +=25.99
TiO:NKD 250 0.5 259.66 +64.15
TiO:-N 250 0.5 145.84 +16.82

The NPs concentration of the suspensions to be sprayed were defined a priori
based on the peculiar properties of each NP suspension. NPs were
characterized for their hydrodynamic properties once in solution, their surface
charge ({-potential) and their physical properties (size and shape) (see
supplementary materials and methods, supplementary results, and
supplementary Figure S1 and Table S1). In fact, for some NPs, solutions at
high concentration were not compatible with the nebulizing system. As an
example, a clogging effect was encountered during nebulization of AgHECs
and AgHECp NPs at the concentrations of 250 and 200 png/mL (Figure S3A).
The high viscosity of these suspensions determined the deposition over the
spraying grid of big aggregates of NPs that impaired a complete and
homogeneous nebulization process. Therefore, only suspensions up to 150
ug/mL were nebulized for these NPs. Similarly, after the nebulization of a
suspension of 500 pg/mL of AgNKD NPs, it was noticed that part of the NPs

remained clogged in the mesh of the vibrating membrane (Figure S3B).

5.3.3 Estimation of deposition efficiency
The results obtained by spraying the different solution were used to calculate

the deposition efficiency specific for each NP, according to the equation (2).
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The different NPs have different deposition efficiency (Table 5.4) depending
on their characteristics. In detail, Ag NPs coated with HEC or CUR have a
higher deposition efficiency while AgPVP and especially AgNKD showed the
lower ones. TiO;NKD has a deposition efficiency that is much higher with
respect to TiO2-N. These results suggests that the p-chem properties of the NPs
could determine the possibility to spray the different solutions. In fact, lower
deposition efficiency is found in the NPs with the higher agglomeration
tendencies. Although the low number of data available, it was possible to
analyze Spearman correlations between the different p-chem and the
efficiency of deposition or of deposited mass. The only significant result was
a negative association between the deposition of efficiency and the
hydrodynamic diameter measure just after the preparation of a working
solution. The correlations were negative and significant both considering the
hydrodynamic diameter of a solution of 10 pg-ml-1 (spearman correlation
equal to -0.786, p < 0.05) or a solution of 100 pg-ml-1 (spearman correlation

equal to -0.893, p < 0.05).

Table 5.4. Deposition efficiency for each suspension nebulized. * = NPs not tested
on the biological model.

ug/mL PBS (%) Deposition efficiency (%) = SD

AgNKD 250 | G 31.03: 427
AgPVP* 250 0.5 50.69 + 10.73
AgHECs 150 0.5 82.81 £6.19
AgHECp* 150 0.5 6455 47 60
AgCUR 250 0.5 8111735
TiO:NKD 250 0.5 7348+ 18 15
TiO:-N 250 0.5 41.27 £ 4.76
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Based on these results, the concentrations required for each NP to obtain the
final exposure doses were calculated (Table 5.5) and prepared prior to each

exposure experiment.

Table 5.5. Concentrations of the suspensions calculated according to (3) for each
different NPs to be nebulized to obtain the final exposure dose considering the DE
reported in Table 5.4.

Dose of exposure

2 2 2

Nasoparacie 19 ng/cm 116 ng/cm 232 ng/cm
AgNKD 43321 ug/mL 264486 pg/mL  528.972 pg/mL
AgHECs 16.233 ug/mL  99.106 pug/mL 198.213 ng/mL
AgCUR 15432 ng/mL.  94.214 pg/mL 188.428 pg/mL

27 ng/em? 162 ng/cm? 324 ng/cm?
TiO,NKD 25997 pg/mL 155981 pg/mlL.  311.962 pg/mL
TiO,-N 46.287 pg/mL  277.720 pg/mL  555.440 pg/mL

Calculated deposited mass and number of silver nanoparticles in the Cultex
module are reported in Table 6. Considering the aerosol size number
distribution, the average number and mass of deposited NPs were calculated.
As a reference for mass deposition, the average mass concentration of silver
generated by the Collison nebulizer is reported (for details refers to

supplementary Figure S6).

Table 5.6. A) Deposited average number and mass calculated for the Cultex RFS

Compact module. Average total mass of nebulized particles is in the order of 9.0 +

1.6 ng per square centimeter, while total deposited number where in the order of

1.7*%10+06 + 3.0*10+05 particles per square centimeter. Mass deposition is also

reported as Ag relative deposited mass. B) The relative mass contribution of Ag to
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the total mass was measure on the Teflon filter placed just before the exhaust exit line
(see Figure S6). A 12% contribution of Ag to the total mass of the sampled particle
was determined by ICP-OES (details on this procedure may be found in Trabucco et
al. (2022).

Deposited number (+ sd) Deposited mass (+ sd)

A #/cm? pg/cm?
Total deposition 1.69%10796 (+2.98%1079%) 9.02%10-9% (+ 1.59*10-%%)
Deposition reported nd 1.05%1003 (+1.85%100%)

as Ag mass
Total mass concentration (+ sd) Total Ag concentration (+ sd)
B pg/m? png/m?
{zemerated, pacticy 1025.41 (+ 201.48) 119.39 (+ 42.54)
concentrations

5.3.4 Cytotoxicity

The cytotoxicity of NPs at the exposure doses reported was assessed
measuring the levels of LDH released by the cells in the media. The results
(Figure 5.1) show no significant increase or reduction of LDH in the cells
treated with the different NPs. Cytotoxicity from test with the alternative
exposure module Cultex RFS model were not significantly changed (data not
shown) according to the low exposure doses obtained with the exposure

procedure (Supplementary Table S3).

85



Chapter 5 - An integrated NAM for RA of SSbD NMs

AgNKD @ Treatments AgHECS ® Treatments
*C+ *C+
120,0% 120,0%
100,0% # 100,0% #
g g
£ go0% £ go0%
o o
m ©
o 60,0% @ 60,0%
e e
g 40,0% g 40,0%
=] =
20,0% 20,0%
[ ] § i E [ ] [ ]
0,0% 0,0%
0 50 100 150 200 250 0 50 100 150 200 250
Exposure dose (ng/cm?) Exposure dose (ng/cm?)
AgCUR ® Treatments TiO @iTreatments
2 oC+
eC+
120,0% 120,0%
100,0% # 100,0% 4
=
& 80,0% b 80,0%
®
S b
T 60,0% £ 60,0%
= 5
8 a0,0% I 400%
- ]
20,0% 20,0% E
[ I ] [ ] - L
0,0% 0,0%
0 50 100 150 200 250 0 100 200 300 400
Exposure dose (ng/cm?) Exposure dose (ng/cm?)
. ® Treatments
TiO,-N i
120,0%
100,0% 4
=
£ g0,0%
]
@
@ 60,0%
g
T e
g 40,0%
20,0% ’ §
@ 1
0,0%
0 100 200 300 400

Exposure dose (ng/cm?)

Figure 5.1. Cytotoxicity. The graphs show the percentage of LDH release compared
to the positive control (black dot equal to 100% cell death). The cytotoxicity was
assessed 24 h after NPs nebulization and it was measured through LDH assay. Data
are shown as the mean of three independent experiments + SD. Statistical analysis:
one-way ANOVA.

5.3.5 Cytokines release

At the tested doses, the release of the measured inflammatory mediators 1L.-8,
IL-6 and IL-1p (Figure 5.2) was not modulated by the NPs except for TiO»-N.
For this NP, there is a significant decrease of IL-1p release in the media for

cells treated with all the tested concentrations. There’s also a non-significant
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increase of IL-6 in cells treated with TiO2-N. Ag NPs induced no modulation.
Similar results were obtained with the Cultex RFS exposure module (data not
shown). Noteworthy, ALI exposure of the co-culture model to LPS (positive
control for inflammation, dose of exposure 10.42 pg/cm? induced a significant
release of IL-8, for more detail supplementary materials and methods and
supplementary Figure S8). However, the lack of cytokine release in the cell
supernatants may be also related to an actual communication between the cell
types in co-culture. In fact, the cytokines released from macrophages may be
captured by lung cells receptors, and vice versa, therefore removing them from

the supernatant and masking the pro-inflammatory effect of the tested NPs.
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Figure 5.2. Cytokines release (IL-8, IL-6 and IL-1p). The release of cytokines in the
media was measured 24 h after the NPs nebulization. There is a significant decrease
of IL-1p release in cells exposed to TiO>-N at all tested concentrations. Data are
shown as the mean of three independent experiments + SD. Statistical analysis: one-
way ANOVA followed by Dunnett’s test. * p < 0.05 compared to the control group.
As a reference we report here the average and SD of ILs in control cells kept in
incubator after ALI differentiation: 492,00 + 67,89 for ILS, 0,99 + 0,13 for IL-6 and
0,95 + 0,21 for IL-1b.

5.3.6 The conceptual framework of the proposed NAM

The conceptual framework of the proposed NAM is based on three main
blocks, environment data collection and human exposure dose calculation; in
vitro model definition and preparation and laboratory efficiency of deposition;
in vitro model exposure and biological responses evaluation (Figure 5.3).
Ambient monitoring at the site (production site here) of interest is performed
to collect data on the NPs size number distribution and particle density, if not
available, these data are used to run a lung deposition model, the MPPD model
in our case. The retained alveolar dose, or the deposited alveolar dose, is
therefore modelled and used for defining the exposure doses to be performed
under lab-controlled conditions. The definition of the in vifro model to be
tested may be defined according to the specific research interest or the
laboratory protocols. Here, the lung alveolar model is obtained according to
the protocols previously described: after differentiation of monocytes, dTHP-
1 cells are seeded on top of the inserts seeded A549 (ratio of number of dTHP-
1:A549 equal to 1:10). Then, the culture medium in the apical side of the insert
is removed to let the cells at the ALI for at 24 hours.

The lung epithelial model is finally exposed to the NPs through the Vitrocell®
Cloud alpha 12. After exposure, the inserts are place in a CO; incubator for
the time needed to activate the biological responses (24 hour in this case). At

the end of the incubation time post-exposure, the lung model is tested for the
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selected biological outcomes, here: cytotoxicity, cytokine release, and
morphology by SEM.

Relevant variation in the proposed NAM may be related to the lung model to
be used, to the model used to define the lung deposited or retained dose, to the
equipment selected to expose the cells (see for example the procedure reported
here for the Cultex Compact module (supplementary materials and methods,
supplementary Figure S6 and Figure S7), to the time of incubation to be
selected after the exposure and, to the biological endpoints that can take

advantage also of omics approaches.

Environmental data collection and human exposure dose calculation

Monitoring campaignat  Particle number size  Use of lung deposition
production site distribution for model for human dose

hurman exposure of exposure

=

.,__1 — —

Co-culture ALl exposure at  Incubsation after exposure to Analysis of biological responses
hwmu allow activation of cell responses

In vitro model definition and preparation exposure dos

THP-1 differentiation in
macrophages (dTHP-1)

Py

~ A349 cells

Co-culture of ASA9and  Co-culture at ALl
dTHP-1

Figure 5.3. Workflow of the proposed NAM. The three conceptual blocks required
to perform the NAM framework are briefly reported and integrated. The specific
solution here adopted are briefly depicted.

5.4  Discussion

New nanomaterials (NMs) are continuously developed, and their wide use
(Nowack et al., 2011) leads to the release of nanoparticles (NPs) in different
environments. The presence of NPs in the environment increases the risk of

human exposure by different routes, mostly inhalation, ingestion, and contact.
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Such exposures can happen also during the use of new NMs or during their
production (Kuhlbusch et al., 2018). Furthermore, according to the Safety and
sustainable by Design (SSbD) paradigm the safety of a NM has to be assessed
during all its life cycle phases.

The proper evaluation of the risk assessment of new NMs is relevant for
human health protection therefore, beside environmental, also working place
exposure requires specific attention. It has been recently reported (Belosi et
al., 2023) that the production processes of nano-enabled material (NEM) may
determine local release of NPs in the atmosphere with potential of human
exposure. Also, NPs hazard definition should consider, to the best of the
knowledge, doses of exposure of biological models that are relevant for
humans, to provide data that can be useful in the risk assessment framework
(Paur et al., 2011).

Accordingly, we provide here a NAM (Figure 5.3) to define the hazard of new
Ag and TiO, based NMs based on human exposure doses definition (based on
monitoring campaign and MPPD modelling) and on an in vitro model
(representative of the alveolar space) exposed by a well characterized ALI
procedure. The proposed NAM represents a step forward since most in vitro
studies on the toxicological effects of NPs are limited, since monocultures are
exposed in submerged conditions (Andreoli et al., 2021; Lovén et al., 2021) at
unrealistic concentrations, without considering lung physiology and
complexity (Lenz et al., 2013; Paur et al., 2011). Here, beside using an in vitro
model representative of the alveolar space, we provide a detailed workflow to
adopt ALI exposure systems after preliminary and relevant characterizations
(Medina-Reyes et al., 2020; Meldrum et al., 2022). In fact, to get closer to real
human exposure conditions, three parameters are important to consider: the
biological model, the exposure protocol, and the doses of exposure.

The in vitro model should be selected to mimic the interaction between the

different cell types of the target organ thus being more reliable model for the
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pathway of exposure and the biological response. In this context, here we used
a co-culture of epithelial cells and macrophages differentiated at the ALI
(Cappellini et al., 2020; Loret et al., 2016), although other co-culture models
have been proposed (Chary et al., 2019).

The exposure procedure should mimic as much as possible lung deposition:
for (nano)particle toxicology, normally adopted models can be summarized in
submerged, quasi-ALI, and ALI. For submerged exposure protocols, it is hard,
if not impossible, to define the effective dose of NPs that reaches the cells
(Upadhyay and Palmberg, 2018), since part of the NPs are absorbed in the
walls of the wells or stay in suspension (Cappellini et al., 2020). Also, under
submerged exposure protocols the NPs interact with the medium of culture
modifying their surface by protein (and other molecules) corona, affecting in
the end the interaction between the NPs and the biological model (Ke et al.,
2017; Liu et al., 2020; Moore et al., 2015; Zanganeh et al., 2016). Quasi-ALI
exposure conditions are seldom used since they take advantage of lung model
cultured at the ALI, but the exposure is still obtained by pipetting small
volume (tens of microliters, depending on the culture surface) of a solution of
NPs dispersed in an appropriate medium. On the contrary, ALI exposure
mimics the actual interaction between the lung epithelial cells and the inhaled
particles since the NPs interact with the cell membrane at the interface with
the air without the need of a medium as vehicle to deliver the NPs to the cells.
Finally, the exposure doses used in the majority of in vitro studies are usually
in the order of tens of micrograms (Leibrock et al., 2019; Lin et al., 2006). To
our knowledge, exposure of an in vitro model at ultra-low concentration is
reported by Giovanni et al. (2015). The authors used nanograms or picograms
of different metal-based NPs to expose, in submerged conditions, murine
macrophages showing an increased inflammatory response also at these low
concentrations. Nonetheless, this approach, based on submerged cell

exposure, can be useful to highlight the overall mechanism of action of the
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new NPs, it does not allow the prediction of the hazard, since these conditions
are far from being representative of real human exposure. While this approach
can be useful to highlight the overall mechanism of action of the new NPs, it
does not allow the prediction of the hazard, since these conditions are far from
being representative of real human exposure.

The new integrated methodology here reported overcame these limitations
(such as representativeness of the exposure procedure, ALI vs submerged,
coherence with expected human exposure doses, relevance of the in vitro
model for human alveolar space in terms of culturing, ALI vs submerged, and
cell types, alveolar cells, and macrophages). Starting from data on NPs
released in a work environment during the production of textiles coated with
silver (Ag) or titania (TiO2) NPs (Koivisto et al., 2022), the expected lung
retained dose was calculated (MPPD model 4.01 considering working shift of
8 h/day for 5 working days/week) and used as reference parameter to expose
the in vitro model. The exposure doses here applied are in the order of
hundred(s) of ng/cm? which, representing an integrated (six months to one
year) exposure at the production site, are relevant for human exposure and risk
assessment. Tilly et al., (2023) recently reported metal oxide effects at ALI
working at concentration of tens to hundreds of micrograms/cm?; similarly,
Medina-Reyes and colleagues (2020) tested TiO»-based materials in the range
of micrograms/cm?. Interestingly, Wang et al., (2020) reported effects of SiO»-
Ag in a co-culture of A549 and THP-1 cells exposed to 576 ng/cm?. Future
ALI testing should focus on more human relevant exposure doses, to provide
hazard data transferable to risk assessment approaches.

A key step in properly controlling the in vitro model exposure doses, and
reproducing in silico derived human exposure doses, is the evaluation of the
deposition efficiency of the different NPs tested. Despite the increasing use of
ALI exposure modules, few studies have reported the evaluation of this

parameter (Bannuscher et al., 2022; di Cristo et al., 2020; He et al., 2021) in
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spite of the significant difference that different NPs solutions may have and
the impact of the effective exposure doses in the biological models.

For example, Lenz et al., (2009) nebulized various solutions (NaCl,
(NH4)2S0O4) and NPs suspensions (ZnO, Au) by means of the air-liquid
interface cell exposure system (ALICE) and found a deposition efficiency of
57 £0.07% for all the tested substances, showing also a similar efficiency of
deposition using different solution concentrations. Similarly, in our exposure
model different concentrations of nebulized AgNKD showed a stable
deposition efficiency (equal to 33.66, 31.16, 35.85% for 500, 250 and 150
pg/mL starting concentrations, respectively). Hu et al., (2020) studied the anti-
inflammatory effect of curcumin in both submerged and ALI conditions
through the Vitrocell® Cloud Starter Kit aerosol exposure system. Instead of
using a QCM, they relied on the autofluorescence of curcumin to determine
the delivered dose. In this case, starting from different doses of curcumin (10,
20, 50, 100 uM) they found different deposition factors (0.697, 0.806, 0.545
and 0.668). Bannuscher et al., (2022) used the Vitrocell® Cloud12 system to
nebulize concentrations of 0, 125, 250 and 500 pg/mL of DQ12 (crystalline
silica quartz) and TiO; and assessed the deposition efficiency through the
QCM. They obtained a linear correspondence between particle concentration
and particle deposition, in agreement with our results for AgNKD (data not
shown) and PBS.

Here we provide an additional interesting observation, i.e., the deposition
efficiency may be controlled, rather than by the pristine dimension of the
particles, or of the z-potential of the nanomaterial, by the agglomeration
tendency that the particles have once dispersed in the working media. Lower
is the resulting hydrodynamic diameter, higher will be the final efficiency of
deposition. In fact, in our study the deposition of efficiency was higher for
AgCUR > AgHECs > TiO,NKD > AgHECp > AgPVP > TiO>—N > AgNKD,

similarly to what observed with the hydrodynamic diameter values that was

93



Chapter 5 - An integrated NAM for RA of SSbD NMs

the lowest for AgCUR < AgHECs < TiO2NKD < AgHECp < AgNKD <
AgPVP < TiO>—N.

The results obtained by assessing cytotoxicity after the nebulization on the co-
culture of five of these NPs (AgNKD, AgHECs, AgCUR, TiO,NKD and
Ti0,-N) at the selected doses indicate the absence of a significant LDH release
in the cell medium. The quantification of the release of three selected
cytokines also showed no statistical differences between the control and the
cells treated with AgNKD, AgHECs, AgCUR and TiO;NKD. It was observed
a reduction of the release of IL-1p in cells treated with TiO2-N. Similar doses
(30 and 278 ng/cm?) were used by Herzog et al. (2013) to investigate the
effects of citrate-coated Ag NPs on a tri-culture of A549, macrophages and
dendritic cells, exposed at the ALIL. In agreement with our results, the authors
did not observe any significant LDH release from the cells. They also
evaluated the production of TNF-a and IL-8 and observed no pro-
inflammatory effects at the tested doses. Wang et al., (2020), using a similar
co-culture model showed lack of cytotoxicity, by LDH release, using an
exposure dose of 576 ng/cm?, nonetheless the authors reported inflammatory
effects. Loret et al., (2016) studied the effects of three different TiO2-NPs on
both a monoculture of A549 and on a co-culture of A549 and macrophages
cultured and exposed at the ALI. The doses used in the study were higher (1,
3 and 10 pg/cm?) to what we report and a higher release of various cytokines
(TNF-q, IL-8, IL-6 and IL-1B) on the ALI co-culture was reported. The
authors also showed a higher sensibility of the co-culture model with respect
to the A549 in the same exposure conditions, and higher effects on the models
exposed at the ALI compared to the submerged conditions. Giovanni et al.
(2015) tested the pro-inflammatory response of Ag and TiO> NPs using
concentrations between 10”7 pg/mL and 10 ug/mL on a mouse macrophage
cell line in submerged conditions. They observed a moderate pro-

inflammatory response, starting from the lower concentration in case of TiO»-
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treated cells. Even though the lower concentrations used can be compared to
the present study, the exposure conditions and the model used are different.

Future steps of improvement are related to possible optimizations of the in
vitro model since this has been shown to be a relevant factor in properly
assessing NPs and other molecules deposition and hazard (He et al., 2021; Lee
et al., 2023; Rothen-Rutishauser et al., 2023). Moreover, for future relevant
toxicological studies using this system, prolonged and/or repeated exposures,
coupled with the measurement of biological endpoints using omics, are
desirable. Also, from a technical point of view, exposure allow a proper
mimicking of particle deposition in the lungs, therefore considering
gravitational settling and random impaction, should be developed, although
the required complex nebulization procedure we report here. The possibility
to use lung-on-a-chip systems, coupled with other organ-on-a-chip, should be
envisaged as well, given the reported predictability of these models for human
health. Finally, the need of generating sound a robust data through NAMs will
require further collaboration and integration of expertise from different areas,

such as in vitro toxicology, human health, air pollution and in silico modelling.

5.5 Conclusions

The NAM here reported allowed for the evaluation of the hazard of new NMs
at realistic doses of exposure. It is shown that different NPs have a different
DE depending on their physical chemical properties such as their size and their
agglomeration state. Because of that, the determination of the DE is a critical
step for properly defining the concentration of NPs to be nebulized, in order
to obtain the final doses of exposure. Doses representative of real
environmental concentrations, obtained through a field monitoring campaign
and in silico modelling, allow for the evaluation of NMs safety mimicking the
actual human exposure. The choice of the model used to assess NMs toxicity

should be done considering the similarity of the model to the target organ to
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obtain results as reliable as possible. The results of this study suggest the lack
of hazard for chronic inhalation exposure and confirm the safety of the NMs
and process developed. As additional step, intercomparison among different
laboratories should test the framework here presented, as relevant differences
among laboratories have been reported when working with ALI exposure

modules (Bannuscher et al., 2022; Braakhuis et al., 2023).
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5.6 Supplementary

5.6.1 Materials and methods

Nanoparticles characterization

The NPs were characterized in terms of size, shape, and agglomeration state
by Transmission Electron Microscopy (TEM). The TEM samples were
prepared by adding a droplet (5 puL) of the 100 pug/mL suspension on a
Formvar-carbon support film coated copper grid (200 mesh) and let dry
overnight. The samples were observed under the Jeol Jem 2100 Plus TEM
Microscope (Jeol Ltd., Tokio, Japan).

The NPs suspensions were also characterized in terms of hydrodynamic
diameter (z-average) and polydispersity (Pdl) by the Dynamic Light
Scattering (DLS), and in terms of surface charge ((-potential) by the
Electrophoretic Light Scattering (ELS) using the Zetasizer Nano ZS90
(Malvern Ltd., Warwickshire, UK). The 100 pg/mL suspensions were
analyzed freshly prepared (time 0) and after 24 h resting at room temperature,

to assess the time stability of the NP suspensions.

THP-1 differentiation into macrophages

THP-1 cells were differentiated for 24 h using a concentration of 20 ng/mL of
PMA (Phorbol 12-myristate 13-acetate). After differentiation, the medium
was changed, and cells were allowed to recover for 24 h. The success of THP-
1 differentiation was verified using a CD11b Recombinant Rabbit Monoclonal
Antibody (Invitrogen, JU93-81), following the producer’s instructions (Figure
S4).

Assessment of cytokines production
To assess the capability of the co-culture to produce pro-inflammatory
cytokines, cells were exposed to Lipopolysaccharides from E. coli (LPS

obtained by Sigma Aldrich, Milano, Italy) at a concentration of 10.42 pg/cm?
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and the quantification of three selected cytokines was done 24h after the
nebulization through ELISA assays (Invitrogen Life Technologies, Monza,
Italy) according to manufacturer’s instructions. The quantification of the
release of Interleukin 8, Interleukin 6, and Interleukin 1B was performed on
the media of the basolateral side collected from each insert after 24h of
exposure to the NPs. The undernatants were stored at -80°C until analysis. The
absorbance of the samples was measured using a TECAN Infinite M200 Pro
microplate reader (TECAN, Minnedorf, Switzerland). The concentration of
interleukins was calculated based on standard curves and data are shown as

fold change compared to the negative control.

Deposition efficiency

Part of the AgNKD, AgHECs and AgHECp NPs were not nebulized by the
system and stayed attached to the upper side of the vibrating mesh (Figure S3),
resulting in a reduction of the deposition. The deposition of AgHECs and
AgHECp was probably affected by the higher amount of HEC in these
concentrations that increased the viscosity of the suspensions. The high
viscosity resulted in the formation of foam that clogged the pores of the mesh.
For AgNKD, cleaning the mesh by vaporizing 400 puL of Milli-Q twice was

enough for the residues of silver to pass through the pores.

Framework limitation

The framework we reported is affected by some limitations related to the
different procedures adopted. Among the limitations that requires, in future
developments, a better understanding one of relevance is a better evaluation
by a sensitivity analysis of the retained doses calculated by the MPPD model.
Some of the components that determine the uncertainties of the MPPD model,
and the calculation of the deposition fractions in fact are the input parameters

since the accuracy of the deposition fraction calculations heavily relies on the
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accuracy of the input parameters used in the model. Uncertainties in
parameters such as particle size distribution, breathing patterns, and lung
geometry impact the prediction of deposition fractions significantly. Also, the
MPPD model assumes specific properties of particles, such as density and
shape. However, variations in these properties for different types of particles
can introduce uncertainties in the deposition fraction calculations. The MPPD
model makes certain assumptions about the behaviour of particles in the
respiratory system. These assumptions may not hold true for all scenarios,
leading to uncertainties in the calculated deposition fractions. The model did
not consider inter-individual variability in lung anatomy, breathing patterns,
and physiological parameters. This can introduce uncertainties in the
deposition fraction calculations. The MPPD model provides average values,
but individual variations may not be accurately captured. Another source of
possible variation of the results are the experimental data in input to the model.
The MPPD model relies on experimental data for validation and calibration.
However, uncertainties in the experimental data, such as measurement errors
or limited data availability, can propagate into the model calculations. Finally,
a recent report from the OECD (2021) reported that for the MPPD model the
variables affecting the most the results are the tidal volume, kept constant in
our runs, air concentrations, the particle diameter, that during the different
measurements resulted constant, and the GSD. Performing a simple analysis,
we obtained that the variation in the retained dose associated to GSD
variations was on average 9% for titania NPs and 35% for silver-based NPs.
The airborne mass concentration on the contrary resulted to primarily affect
the modelled retained alveolar mass. In fact, for titania-based NPs the
percentage variability was 46% while for silver-based NPs the variation was
75%. This variation should be, in future experiments also consider for defining
the doses of exposure of the in vitro models and for risk assessment

considerations.
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The protocols followed to evaluate the airborne concentration of NPs at the
facility site are quite standard for airborne pollutant monitoring. The data
collected with the online monitors for measuring the number and mass
concentration of particles came from instruments well described in the
literature (SMPS and OPC) and their accountability have been largely
discussed. More detail on the instrumentation deployed and the results that
may be obtained may be found in Trabucco et al., (2022). Variations are
therefore associated with actual variation in the airborne concentration of the
pollutants rather than to uncertainties related to the procedures adopted. The
variability in airborne concentration we observed was higher than 50% for
both the NPs. Again, this variation should be considered in future experiments
as a source of possible different scenarios to test under the same controlled

exposure protocol for in vitro model.
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5.6.2 Results

NPs Characterization

Representative NPs pictures recorded by transmission electron microscopy
(TEM) are reported in Figure S1. All the NPs showed a spherical shape with
different primary size among the various NPs. AgNKD and AgPVP have a
primary size between 30 and 50 nm and show the presence, after suspension
drying, of agglomerates in the order of hundreds of nm, while AgHECs and
AgHECp NPs are better dispersed and have a smaller primary size, between
20 and 40 nm. AgCUR NPs are heterogeneous in size, since it is possible to
identify at least three subpopulations of NPs sizing from 5 nm up to 50 nm.
Both TiO,NKD and TiO>-N NPs show a strong agglomeration that makes it
difficult to determine the primary size of these NPs. The different
agglomeration state, especially for Ag NPs, is due to the different surface
coatings that provide a better dispersion during the spray coating procedures
for which these NPs are synthetized.

The NPs suspensions characterization performed by DLS and ELS is shown
in Table S1. The lower z-average was measured for AGCUR and AgHECs
NPs. AgHECp, AgNKD, AgPVP and TiO2NKD show a z-average in the order
of hundreds of nm possibly in relation to the formation of bigger agglomerates
when the NPs are dispersed, while TiO2-N NPs showed a z-average in the
order of um at time 0. The analysis performed after 24 hours shows that
AgHECs, AgCUR and TiO2NKD NPs z-average was stable. On the contrary,
the z-average decreased for AgNKD, AgPVP, AgHECp and TiO2-N probably
due to the precipitation of the bigger agglomerates at the bottom of the cuvette.
Among the different NPs, TiO>-N NPs showed the highest PdI suggesting the
presence of different particles/agglomerates populations compared to the other
NPs. The C-potential values obtained were negative for all the NPs but
AgHECp and TiO,NKD NPs. Among the different NPs only AgCUR NPs

showed a strong negative (-potential supporting the lowest z-average here

101



Chapter 5 - An integrated NAM for RA of SSbD NMs

reported. Our data confirm that the coating with HEC in solution allow a
higher stability of the NPs over 24h, avoiding unwanted agglomeration.
Similarly, the curcumin coating showed the absence of agglomeration over
time. These two NPs were characterized by the lowest hydrodynamic diameter
compared to the other NPs tested supporting the choice of these two doping
molecules for improving dispersion and NPs properties, such in the case of

curcumin.
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5.6.3 Supplementary tables

Table S1. NPs characterization by DLS and ELS. The analysis was performed on the
NPs suspended in Milli-Q water at the concentration of 100 ug/mL. The
measurements with the DLS technique were performed right after preparation (t=0
h) and after 24 h, while ELS analysis was performed at time 0. A) Data published in
Motta et al. (2023), B) data from the present article. In the table, the values of z-
average, Pdl and {-potential = SD are reported.

A) NPs Medium  Time (h) pug/mL z-average PdI+ SD {-potential
(nm) *+ SD (mV) +SD
AgNKD Milli-Q 0 100 270.76 £53.18 0.45 £0.04 -27.57 £0.60
24 100 109.35 +22.42 0.34 +0.08
AgPVP Milli-Q 0 100 695.91 £617.49 0.7£0.26 -6.07 £0.59
24 100 227.06 £ 159.62 045 £0.15
AgHECs Milli-Q 0 100 122.16 +5.89 0.14 +0.02 -4.71 £0.24
24 100 115.7 £5.37 0.15 +0.01
AgHECp Milli-Q 0 100 304.89 +34.89 0.37 £ 0.07 +9.92 £0.37
24 100 261.63 +26.86 0.36 +0.06
B) NPs Medium  Time (h) pug/mL Z-average PdI+SD {-potential
(nm) = SD (mV) +SD
AgCUR Milli-Q 0 100 91.27 £5.79 0.31 £0.01 -34.13 £1.59
24 100 86.17 +4.42 0.32 +0.02
TiO,NKD Milli-Q 0 100 21043 +£10.34 0.13 +0.04 +18.26 +3.97
24 100 227.59 £70.54 0.13 +0.01
TiO,-N Milli-Q 0 100 1838.76 £912.16  0.96 +£0.05 -17.45 £3.36
24 100 472.69 +84.53 0.74 £0.08

Table S2. To evaluate QCM efficiency, PBS at different concentrations (50, 10, 5,
0.5%) were performed. Deposited mass determined by the PBS solution alone (in
ng/cm?) is here reported with the relative standard deviation.

% ng/cm? (xSD)

50 4925 + 326

10 1067 + 163
PBS

5 561 £61

0.5 669
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5.6.4 Supplementary figures

A) AgNKD AgPVP

Sagh

Figure S1. TEM pictures of Ag and TiO> NPs suspensions at different magnifications.
A) Pictures published in Motta et al. (2023). B) Pictures published in the present
paper.
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Figure S2. Deposited PBS mass (reported in Table S2) and interpolating linear
curve. The linearity between the amount of PBS and the mass measured by the QCM

is supported by the high R’ here reported.

A After nebulization of AgHECs:

250 pg/mL 200 pg/mL 150 pg/mL

After nebulization After cleaning with mQ
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. :

Figure §3. Images of the apical side of the vibrating mesh of the nebulizer after the
spray of AgHECs and AgNKD. A) Pictures of the mesh after the nebulization of
different concentrations of AgHECs showing the clogging of the pores. B) Pictures
of the mesh after the nebulization of a suspension of 500 ug/mL of AgNKD in which

are visible the agglomerates of the NPs (arrow), and after the cleaning of the mesh.
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CDl11b Merge

Figure S4. CD11b expression on the surface of dTHP-1. A) Nuclei staining (DAPI,
blue), B) CDI1b staining (Alexa-488, green) and C) Merge of A) and B).
Differentiated cells showed overlapping signals from the two staining, considering

the round shaped morphology of macrophagic cells (see also Figure S5).

Figure S5. SEM images showing the co-culture morphology. In the representative
images of the untreated co-culture, 48 h after addition of the macrophages, is
possible to appreciate the distribution of the two cell lines. A) The homogeneous
distribution of A549 cells is visible, and the presence of macrophages is shown with

an arrow, B) detail of a macrophage, surrounded by A549 (*).
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Figure S6. Scheme of the nebulization protocol adopted in the Cultex RFS exposure
tests. Briefly, compressed air was filtered by an absolute filter to remove any particle
deriving from the compressed air line. The flux was split according to the Collison
nebulizer requirement, operating at 1 bar controlled by a pressure gauge. The
nebulized particles passed through a desiccator to allow subsequent particle total
number concentration by a DiSC-mini (Schaefer, Italy), the flux to the DiSC-mini was
deviated by a flow splitter when needed. Part of the generated nebulized particles
passed through a glass humidification chamber, filled with sterile water. The relative
humidity (RH) and temperature (T) of the exiting air was measured by a RH and T
sensor. 1 L/min were constantly sampled from the humidifying chamber to the Cultex
RFES Compact module for the cell exposure tests. A pre-weighted Teflon filters was
places just before the exhaust exit line to allow for particle sampling and further
analysis. Total mass was determined after filter equilibration, by gravimetric
analysis while, Ag deposited mass was determined by ICP-OES analysis (see Table
S3).
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Figure S7. Deposited particle number (4) and particle mass (B) calculated for the
Cultex RFS Compact module. The data interpolation curve (blue line) and its
confidence interval (grey areas) are reported. Maximal number deposition is at
particle size range between 25 and 75 nm (with max deposition at 50 nm), while

maximal mass deposition was at particle size range between 350 and 600 nm (with

max deposition around 450 nm).

6000 80 20

5000 i 7

4000
|
5 3000 5 40

2000 30

1000

0 — 0 —_— 0 ——
0 1042 0 1042 0
LPS (ng/em?) LPS (ng/em?) LPS (ng/em?)

Figure S8. Cytokines release (IL-8, IL-6 and IL-1p) in the media of the co-culture
after 24h of exposure to 10.42 ug/cm? of nebulized LPS. Data are shown as the mean
of three independent experiments + SD. Statistical analysis: one-way ANOVA

followed by Dunnett’s test. * p < 0.05 compared to the control group.
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General conclusions and future perspectives

6.1 General conclusions

This work, as part of the EU H2020 ASINA project, contributes to develop
Safe-by-Design (SbD) strategies aiming at anticipating and preventing the risk
toward environmental and human health of innovative nanomaterials (NMs)
and nano-enabled products (NEPs). In particular, silver (Ag) and titania
(TiO7)-based NMs have been extensively characterized for their hazard
profile, considering their exploitation as textile antimicrobial coating agents
and photocatalytic air purifying systems. The innovative approaches used to
characterize exposure and hazard during the different NMs life cycle stages
will likely fit into the new frameworks under development for Safe and
Sustainable by Design (SSbD) new chemicals and materials (Caldeira et al.,
2022), providing always greener products to next generations. To deliver
relevant contributions to such new frameworks, the research on New
Approach Methodologies (NAMs) should be prioritized.

Accordingly, the use of advanced in vitro methods is at the core of the present
work. In vitro models, as alternatives to animal experiments, align with the
directive on the protection of animals used for scientific purposes (Directive
2010/63/EU) and adhere to the 3R principles.

The use of NPs offers various benefits due to the advantageous surface-
volume ratio which minimizes the quantity of metal used, thereby reducing
production costs, and enhancing selected performances compared to their bulk
counterparts. However, it is well established that NPs can have adverse effects
on both environmental systems and living organisms (Fard et al., 2015). As a
result, investigating these effects and implementing methods to mitigate

potential toxic outcomes are of fundamental importance.
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By employing a SbD approach in conjunction with an Adverse Outcome
Pathway (AOP) strategy, this study characterizes the hazard associated with
various newly synthetized TiO» and Ag nanoparticles (NPs). These are
nitrogen doped TiO; and Ag functionalized with either polyvinylpyrrolidone
(PVP), hydroxyethylcellulose (HEC), or curcumin (CUR). The results
demonstrated that the functionalization of the NPs has a primary role in
driving their toxicity (Feng et al., 2018; Sharma et al., 2014). Furthermore, the
method of NPs production also plays a significant role in determining their
toxicity. For instance, Ag NPs coated with HEC exhibited a higher toxicity
following a freeze-drying postproduction process. Consequently, newly
developed NPs should be designed and synthesized using coatings and
management processes aimed at minimizing potential hazard. Moreover, new
NMs should be tested starting from the very beginning of manufacturing
procedures (material selection, doping molecules definition etc.) to early
highlight potential hazard, also in the view of re-designing the materials,
according to the SbD framework. Noteworthy, the toxicity of Ag NPs was
effectively reduced through functionalization with curcumin, possibly
counteracting the oxidative effects of these NPs, often reported as the leading
mechanism in NPs toxicity (Cypriyana P J et al., 2021).

Another interesting result that can be of relevance in a risk assessment
framework is that the ratio between the coating and the NP is a parameter that
may modulate the particles adverse effects. In fact, AGHEC NPs with a higher
molar ratio of HEC (ration HEC/Ag of 6.4 compared to the lower ratio of 5.5)
were highly toxic, since the interaction of Ag with the cells was probably
favoured by the higher amount of HEC.

TiO2 NPs proved to be relatively safe, under the exposure conditions applied.
TiONKD was only able to induce reactive oxygen species (ROS) production
at the higher dose, while TiO>-N was effective in inducing H2AX
phosphorylation, but with lower effect compared to Ag NPs.
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In addition to a traditional toxicological approach, this study also embraces a
more advanced and realistic methodology by employing a model and exposure
systems that better replicate real environmental conditions. The NAM here
reported enables the evaluation of the hazard of new NMs at realistic exposure
doses, considering human inhalation as the primary exposure pathway. High
doses are useful to highlight the mechanisms of toxicity behind a new NPs,
but exposures at realistic doses can give more representative and predictive
information. The use of a co-culture model of the alveolar space, cultured and
exposed at the Air-Liquid Interface (ALI), allows for more reliable results,
since the experimental setup reflects better the physiological interactions
between different cell’s types resident in the lungs. The study further
underlines the significance of integrating diverse experimental approaches.
The use of doses representative of real environmental concentrations may be
determined only through a dedicated field monitoring campaign and using the
data from this campaign to run an in silico model to obtain the human lung
deposited or retained doses. This integration ensures the evaluation of NMs
safety that closely resembles real human exposure and provide data ready for
risk assessment. Keeping in mind the limitation of the study (i.e. single-dose
exposure versus chronic inhalation processes; few toxicological outcomes
measured), the results reported indicate the absence of significant hazard for
inhalation exposure and confirm the acceptable safety profile of the NMs and

processes developed in ASINA project.
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6.2 Future perspectives

The development of nanotechnologies must be strongly supported by
toxicological analyses, particularly from a SSbD perspective. New NMs
require the evaluation of their safety and sustainability taking advantage of in
vitro models, using NPs well characterized in terms of physical-chemical (p-
chem) characteristics and applying toxicological procedures that can reduce
false interpretations, also by considering AOPs-oriented approaches and other
NAMs. However, it is worth noting that the development of complete and
validated AOPs for each newly synthetized NM remains a challenge due to
the current unavailability of toxicological data.

Greater research efforts are essential to identify the effect concentrations of
NMs and, consequently, to establish accurate exposure limit values, thereby
enhancing the precision of risk assessment. Employing in vitro systems
representative of the alveolar epithelium, coupled with exposure methods that
closely mimic human physiology, along with realistic exposure doses, are of
critical importance in evaluating the potential hazard posed by various NPs,
especially within the context of a SSbD approach.

In the future, it will be valuable to explore more in detail toxicity endpoints
typically associated with NPs, such as genotoxicity and oxidative changes of
proteins and lipids (Paciorek et al., 2020; Xie et al., 2011). Additionally,
assessing the same endpoints considered in this study but at different exposure
times could help in identifying both early and late responses, which is essential
to interpret possible sub-chronic and chronic effects. The use of omics
approaches (genomic, transcriptomic and proteomic), may provide
information in a more refined way, indicating for example changes in the
expression of the genes involved in the different response pathways activated
after sub-acute exposure conditions.

Selecting and developing more accurate biological models to assess NMs

toxicity should be also prioritized, especially considering 3D models that
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enhance the similarity of the in vitro system to the target organ, thus improving
the reliability of the results obtained. By increasing the complexity of the
model, it’s possible to obtain more realistic and informative data. Therefore,
it would also be useful to use biological models that better mimic the lung,
whether by increasing the complexity of the model by incorporating additional
cell lines (such as endothelial cells) or by using more advanced models like
spheroids (Klein et al., 2013; Licciardello et al., 2023; Shiraishi et al., 2019).
As an additional step, it would be beneficial to carry out intercomparisons
involving different laboratories to test the framework presented in this study,
as relevant differences among laboratories have been reported when working
with ALI exposure modules (Bannuscher et al., 2022; Braakhuis et al., 2023).
Finally, it will be of interest to promote in the future a call for data among
researchers or projects dealing with NPs hazard evaluation and risk
assessment to refine or develop de novo in silico methods that can help to
prioritize the hazard expected from newly developed NPs. This will, ideally,
restrict the number of new NMs to be tested in complex in vitro models
increasing the possible endpoints to be characterized in a cost-effective way.
The new generated data will provide additional input to furthermore refine the
in silico methods converging to modelling systems that will be reliable to

assess NPs risk.
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Abstract: Silver nanoparticles (Ag NPs) are among the most widely used metal-based nanomaterials
(NMs) and their applications in different products, also as antibacterial additives, are increasing. In
the present manuscript, according to an adverse outcome pathway (AOP) approach, we tested two
safe-by-design (SbD) newly developed Ag NPs coated with hydroxyethyl cellulose (HEC), namely
AgHEC powder and AgHEC solution. These novel Ag NPs were compared to two reference Ag NPs
(naked and coated with polyvinylpyrrolidone—PVP). Cell viability, inflammatory response, reactive
oxygen species, oxidative DNA damage, cell cycle, and cell-particle interactions were analyzed in
the alveolar in vitro model, A549 cells. The results show a different toxicity pattern of the novel Ag
NPs compared to reference NPs and that between the two novel NPs, the AgHEC solution is the one
with the lower toxicity and to be further developed within the SbD framework.

Keywords: nano-enabled products; adverse outcomes pathway; safe-by-design; in vitro lung cells;
nanotoxicity; silver nanoparticle hazard

1. Introduction

Silver nanoparticles (Ag NPs) are among the most widely used metal-based nano-
materials (NMs) for several applications (e.g., for food packaging, cosmetics, textiles, and
health care). Such important use is mainly due to their antimicrobial properties [1]. In fact,
thanks to their antibacterial capability [1], Ag NPs are nowadays used in several fields, from
the textile industry to biomedical application [2,3]. Moreover, their use as antimicrobial
materials is gaining relevance for their capability to combat pathogens causing infections
in vitro and in vivo [4].

Ag NPs are present in different products, health care and fitness, cleaning, food
packaging, household equipment, electronic devices and even toys [5,6]. These widespread
uses inevitably increase the possibility of accidental release of these NPs to the environment,
with a consequent increase in the exposure of humans and other organisms [7]. The various
routes of exposure to Ag NPs for humans are therefore multiple: ingestion, inhalation,
dermal contact and, at times, directly in systemic circulation via intravenous injection.

Although the detailed anti-pathogenic mechanism of Ag NPs remains to be fully
clarified, nano-enabled products (NEPs) based on Ag NPs are of interest for their capability
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to exert antimicrobial functions through microbial membrane and microbial subcellular
structure damages (i.e., mitochondria, ribosomes, and vacuoles), caused by the release of
free Ag* ions and consequent formation of reactive oxygen species (ROS) [8]. The ROS
production is therefore a key feature of the antibacterial properties of Ag NPs, but this
may pose a hazard to human and other organisms, if cell damage occurs in unwanted
species. When considering human health, several mechanisms have been proposed to
explain how Ag NPs exert their toxicity. NMs may cause inflammatory response or reactive
oxygen species (ROS) production; these are processes that can alter the cell membrane
and damage organelles [9]. It has been observed [10] that Ag NPs induce ROS production
and cell apoptosis through a caspase-dependent intracellular pathway in liver hepatocel-
lular adenocarcinoma cell line (HepG2). Other authors also observed the induction of
ROS production and a reduction in glutathione (GH) after Ag NP exposure due to the
release of free Ag* ions. The increase in ROS caused adverse effects on cell viability and
cell membrane integrity in several cell lines, both human and murine [11]. Therapeutic
synthesized Ag NP exposure showed a dose- and time-dependent inhibition of cell viability,
cell proliferation and cell morphology in A549 cells because of the increased oxidative
stress [12]. The increase in ROS and subsequent cell death in Ag NP-exposed cells was
also related to the formation of autophagosomes and autolysosomes and to a decrease in
mitochondrial transmembrane potential (MTP) [13].

Noteworthy, after entering in contact with cells, NPs can undergo different possible
transformations in terms of their pristine physico-chemical (p-chem) properties; for several
metal oxide NPs, dissolution has been reported as a major process, and agglomeration and
other surface modifications are reported to play a key role in NP effects [14].

Although these are possible drawbacks, NPs and nano-enabled products (NEPs, i.e.,
new products in which NPs are intentionally added to improve specific properties of
the product or to substitute materials of fossil origin) are gaining relevance in everyday
life. In light of this, to reduce the uncertainty of the potential adverse impact of NPs
or NEPs on human health and the environment, already starting from the first steps of
nanomaterial (NM) conceptualization and production and onwards, the application of the
safe-by-design (SbD) strategy has been proposed and applied [15]. As reported by the
authors, among the different toxicological tests suggested for a SbD approach, viability (by
MTT, XTT, MTS and WST or Alamar Blue or neutral red) and the generation of reactive
oxygen species (such as using 2'-7'-dichloro-fluorescin—DCFH) should be considered. In
addition to this, the authors suggest considering additional biological endpoints, such as
inflammation, and the stability of the NM itself. In this context, and in view of the 3Rs
principle, in vitro studies are gaining prominent relevance to collect significant data to
sustain the lack or reduce the unwanted and undesired intrinsic hazards of NPs and NEPs,
in a life cycle-oriented approach.

In this study, four different Ag NPs were selected to investigate how their p-chem
properties might modulate the interactions with cells in a simple in vitro system (human
alveolar adenocarcinoma A549 cells in monoculture). The particles selected have a similar
nominal diameter but different surface coating agents. Two Ag NPs, namely the NPs
coated with hydroxyethyl cellulose (HEC), were developed ex novo while two other NPs
are commercially available, namely the naked Ag (used here as reference Ag NPs) and
the NPs coated with polyvinylpyrrolidone (PVP). The novel AgHEC were synthetized in
solution (AgHECs) and dried as a powder (AgHECp). The novel NPs were thoroughly
characterized with different analytical methods to provide their relevant chemical and
physical properties; all the Ag NPs were characterized, prior the toxicological exposures,
in terms of size, shape, surface charge and agglomeration state to provide a common
characterization, useful for understanding the biological effects. The acute toxic effects and
the influence of Ag NP properties on A549 responses (cell viability, cell death, inflammatory
response, ROS production and bio-interactions between cells and Ag NPs) after 24 h of
exposure were evaluated. The biological endpoints were selected according to the adverse
outcome pathway (AOP) 173 (https:/ /aopwiki.org/aops/173 accessed on 9 January 2023)
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being a molecular-initiating event (MIE) or a key event (KE) determining the final adverse
outcome (AO) of the AOP, that is lung fibrosis. Indeed, this AOP was recently reported
to appropriately describe the toxicological impact of some NMs that interact with cell
membrane components (e.g., receptors and lipids) (MIE) and lead to lung fibrosis, such as
carbon nanotubes or cerium oxide nanoparticles [16-19]. This AOP would also possibly
describe the toxicological pathways of Ag NPs, which have been reported to induce lung
fibrosis [20]. In addition to these endpoints, DNA damage (assessed by YH2AX) and
cell cycle alteration were considered as outcomes of interest for further assessing the
possible adverse effects of Ag NPs on lung epithelial cells, and because DNA damage is a
consequence of oxidative stress and inflammation while cell cycle arrest is a consequence
of DNA damage.

2. Materials and Methods
2.1. Chemicals and Reagents

All chemicals and reagents were purchased from Sigma Aldrich (Milano, Italy) if
not stated elsewhere. In the framework of the ASINA European project, we selected
different Ag NPs. Ag naked (#484059, AgNKD) and Ag with PVP surface coating (#576832,
AgPVP) were purchased from Sigma Aldrich (Milano, Italy) as benchmark materials for
toxicological profiles comparison against the ASINA produced NMs, namely Ag with
HEC doping obtained in suspension or in powder form (hereinafter defined as AgHECs
and AgHECp, respectively). These two NPs were kindly provided by the Italian National
Research Council (ISSMC-CNR, former ISTEC-CNR, Faenza, Italy). Briefly, a solution
of AgNOj3 0.05 M (Sigma-Aldrich, Milan, Italy) was mixed and stirred for five minutes
with a solution of hydroxyethyl cellulose (Dow Chemical, Midland, MI, USA) to a final
molar ratio Ag/HEC of 5.5. The hydrogel was formed by adding a 1 M solution of NaOH
(Sigma-Aldrich, Milan, Italy). The final nanosol dispersion was obtained after 24 h from
hydrogel formation by adding MilliQ water. The Ag HEC nanosol was in case granulated,
by means of spray freeze drying, dehydrated to also obtain the AgHEC powder sample.
More details on AgHEC NP preparation are reported in [21-25]. Reference NPs AgNKD
and AgPVP were obtained according to [25].

2.2. NP Suspension Preparation

Ag NP suspensions for characterization and treatments were prepared in MilliQ water
to reach an initial stock suspension of 1 mg/mL of Ag NPs (considering the same mass
of Ag content for all the tested NPs). For AgNKD and AgPVP NPs in powder form, the
following sonication method was followed: NP suspensions, prepared in sterile glass vials
or a 50 mL falcon tube, were put in an insulation box filled with ice and sonicated by means
of an ultra-sonicator (Sonopuls HD3100, Bandelin, Berlin, Germany) equipped with a 2 mm
probe. NP suspensions were sonicated by applying in total 40 W for 10 min (1 s pulse, 1 s
pause cycle). AgHECs, after vortexing the stock suspension for 30-60 s with an angle of
45°, were directly diluted in MilliQ water to reach the desired concentration. AgHECp,
after being weighed, were pre-wet NPs with a few mL (0.5-1 mL) of ultrapure MilliQ water,
vortex for 30-60 s with an angle of 45° and left to set for at least 30 min (better overnight),
then the desired amount of MilliQ water was added to reach the concentration of 1 mg/mL.
No sonication was applied for these two NPs. All NP stock suspensions were characterized
for their stability over time and kept at 4 °C. For NP characterization in MilliQ water or in
cell culture medium, stock suspensions (up to 1 moth old) were vortexed and diluted to
obtain the desired concentrations.

2.3. Ag NP Characterization

The novel Ag NPs, namely AgHECs and AgHECp, were submitted prior to their use
in toxicological experiments to a set of analytical characterizations. Morphology, crystalline
structure, and particle size were characterized by transmission electron (TEM) analyses
using a FEI (Hillsboro, OR, USA) Tecnai F20 microscope operating at 200 keV. AgHECp
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was dispersed in isopropyl alcohol and sonicated for 15 min. AgHECs is sonicated for
15 min. The obtained suspensions are deposited on a perforated carbon film supported by
a gold grid. The preparation was then dried at 40 °C. Phase contrast images were recorded
to evaluate the morphology of the nanoparticles. High resolution (HR-TEM) and selected
area electron diffraction (SAED) were used to study the crystalline domains. The electron
microscope was also equipped with the STEM accessory, these pictures were recorded
using a high-angle annular dark-field (HAADF) detector and then they were used for the
size distribution analysis.

X-rays diffraction (XRD) was performed with a with Bruker (Billerica, MA, USA) D8
Advance (Cu Ko 1.5406 A), working conditions: 26 interval 10-80°, step 0.04°, step time
0.5 s. Few droplets of AgHECs suspension (500 mg/L) were deposited on a glass substrate
and dried at 80 °C, the procedure was repeated to obtain a homogenous layer. AgHECp
was directly pressed into the sample holder.

UV-Vis absorption properties of the AGHEC NPs were recorded by a Perkin Elmer
(Waltham, MA, USA) Lambda 750 spectrophotometer. AgHECs was diluted to 6 mg/L
with MilliQ while AgHECp was dispersed in MilliQ at the concentration of 6 mg/L. The
solutions were placed in a quartz cuvette and directly submitted to analysis.

Finally, Fourier transform infrared spectroscopy (FTIR) spectra were acquired by a
Thermo Scientific (Waltham, MA, USA) Nicolet iS5 equipped with iD7 an attenuated total
reflectance (ATR, with a diamond window) by directly using the AgHECs and AgHECp
in their pristine forms, i.e., as particles solution (5000 mg/L) or as powder. The following
parameters were considered during the FTIR analysis: scan range 4000-420 cm ™!, resolution
0.121 cm~! and twenty-four scans per sample acquisition.

Ag NP suspensions for toxicological analyses were characterized in terms of size,
shape, surface charges ((-potential), agglomeration state and dispersion by Dynamic Light
Scattering (DLS) analysis using the Zetasizer Nano Z590 (Malvern Ltd., Warwickshire, UK)
and by transmission electron Microscopy (TEM) by a Jeol JEM (Jeol Ltd., Tokio, Japan). Ag
NPs were prepared in MilliQ water or cell culture medium (DMEM supplemented with 10%
v/v of fetal bovine serum, FBS) also considering two different working temperatures, RT for
samples in MilliQ and 37 °C for sample in DMEM. For DLS analysis, Ag NP suspensions
were prepared at the concentration of 10 and 100 pg/mL. All the suspensions were analyzed
at time 0, just after preparation, and after 24 h of incubation at RT to assess NP stability
in solution. Regarding TEM analysis, Ag NP suspensions were prepared in MilliQ water
at the concentration of 100 ug/mL; 5 uL of suspension were deposited on a TEM grid
(Formvar-carbon support film, 200 mesh, copper) and let dry overnight. All the samples
were observed under the Jeol Jem 2100 Plus TEM Microscope (Jeol Ltd., Tokio, Japan).

2.4. Cell Culture

Human alveolar epithelial cells (A549 cell line, ATCC® CCL-185, American Type
Culture Collection, Manassas, VA, USA) were cultivated (passages between 9 and 25)
in DMEM medium (Sigma Aldrich, Milano, Italy) supplemented with 10% fetal bovine
serum (FBS; Gibco Life Technologies, Monza, Italy) and antibiotics (penicillin/streptomycin,
100 U/mL; Euroclone, Pero, Italy). Cells were maintained in an incubator at 37 °C and
5% CO,. Cells were treated with different concentrations of Ag NPs (0.1-1-10-20-50—
100 pg/mL) in submerged condition for 24 h and then processed for further analysis.
Untreated cells were considered as negative control. Routinely mycoplasma detection was
performed as reported in Appendix A and Figure A7.

2.5. Viability Assay

The viability of the cells was assessed through the Alamar Blue assay (Invitrogen
Life Technologies, Monza, Italy) and MTT assay (described in Appendix A) (although
its limitation with Ag NPs reported in [26]. Cells were seeded on a 6 multiwell plate
(2.5 x 10° cell/well); after 24 h, cells were treated with different concentrations of Ag NPs
(0.1-1-10-20-50-100 pg/mL, in DMEM medium with 1% serum content) for 24 and 48 h
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and untreated cells were considered as Negative Control. After the exposure to NPs, cell
medium was removed, and cells were washed with PBS. 800 uL of cell culture medium with
10% of the Alamar Blue test solution were added to each well. Cells were then incubated
at 37 °C and 5% CO, for 2 h to allow the viable cells to reduce resazurin in resorufin.
Then, 200 uL from each well were pipetted in triplicate in a 96-well black plate and the
fluorescence was measured at an excitation wavelength of 560 nm and a gain of 82 with
a TECAN Infinite M200 Pro microplate reader (TECAN, Mannedorf, Switzerland). The
emission at 590 nm was recorded and the viability expressed as relative variation over
the control ratio. To evaluate specific cell death pathways, namely necrosis and apoptosis,
A549 cells were seeded on 6 multiwell plate (2.5 x 10° cell/well) and treated for 24 h with
different concentrations of Ag NPs (10-20-50 p1g/mL); untreated cells were considered as
negative control. At the end of the exposure, cells were rinsed with phosphate buffered
saline (PBS), detached by gently trypsinization and stained with Annexin V and Propidium
Iodide (PI). Cytofluorimetric analysis (CytoFLEX, Beckman Coulter, Cassina de Pecchi,
Italy) was then performed on cell pellets by analyzing the green (FITC channel) and red
fluorescence (ECD channel) of 10.000 cells per sample.

2.6. Inflammatory Response

Cells were seeded on 6 multiwell plates at the density of 2.5 x 10° cell/well and
after 24 h they were treated with different concentrations of Ag NPs (0.1-1-10-20-50-
100 ug/mL). The release of Interleukin 8 (IL-8) was evaluated in the supernatants collected
after 24 h of exposure, centrifuged at 1200 rpm for 6 min and then stored at —80 °C until
analysis. The quantification of released IL-8 was performed with IL-8 ELISA matched anti-
body pair kit (Invitrogen, Life Technologies, Monza, Italy) according to the manufacturer’s
instruction. The sample absorbance was measured by a multiplate reader (Infinite 200
Pro, TECAN, Mannedorf, Switzerland) at the wavelength of 450 nm; the concentration of
interleukins was calculated based on standard curves and data were shown as p g/mL.
Untreated cells were considered as negative control.

2.7. Intracellular ROS

The intracellular ROS level was measured using 2',7'-dichlorodihydrofluorescein
diacetate (H,DCFDA, Thermo Fisher Invitrogen, Waltham, MA, USA) probe. A549 cells
were seeded (2.5 x 10° cell/well) in a 6 multi-well cell culture plate and incubated overnight.
Cells were treated with 20 and 50 ug/mL of Ag NPs for 90 min and 24 h. We exposed
two wells for each concentration to evaluate the background fluorescence in absence of
the probe. H,O, 0.03% was used as positive control. When the treatment was removed,
cells were washed with PBS. Depending on the well, they were loaded with PBS alone or
containing 10 uM of probe for 20 min in the dark at 37 °C. When the solution was removed,
cells were washed with PBS twice, detached using trypsin and collected by centrifugation
(1200 rpm, 6 min). Fluorescence was measured immediately with a CytoFlex (Beckman
Coulter, Cassina de Pecchi Italy) using an excitation wavelength of 488 nm and an emission
wavelength of 525 nm and measuring 10,000 events for each sample. The fluorescence
intensity of cells not treated with the probe was subtracted to the respective treated cells to
have the real fluorescence emission.

2.8. DNA Damage

YH2AX was evaluated as a marker for DNA double-strand breaks (DDS). The phos-
phorylation of the histone H2AX is in fact related to the formation of DDS in response to
several toxicant, oxidative stress and after cell cycle arrest [27,28] and YH2AX has been
proposed as the most informative marker of double-strand breaks [29]. A549 cells were
seeded (2.5 x 10° cells/well) in a 6-well cell culture plate and incubated overnight. Cells
were treated with 20 or 50 pug/mL of silver NPs for 24 h or with etoposide (1.65 M) as
a positive control. At the end of the treatment, cells were washed with PBS, collected by
centrifugation, fixed using 4% PFA for 15 min and permeabilized with ice-cold 90/10%
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methanol/PBS for 10 min. The samples were stained using Phospho-Histone H2A.X
(Ser139) (20E3) Rabbit mADb (Alexa Fluor® 488 Conjugate) (Cell Signaling Technology, Dan-
vers, MA, USA) following the manufacturer instructions. YH2AX fluorescence intensity
was measured using flow cytometry (CytoFlex, Beckman Coulter, Cassina de Pecchi, Italy).
Fluorescence was measured immediately using an excitation wavelength of 488 nm and an
emission wavelength of 525 nm and measuring 10,000 events for each sample.

2.9. The Cell Cycle

Cell cycle analysis was performed by staining the DNA with PI followed by flow
cytometry. A549 cells were seeded (2.5 x 10° cells/well) in a 6-well cell culture plate
and incubated overnight. Cells were treated with 20 and 50 pg/mL of Ag NPs for 24 h.
Etoposide (1.65 tM) was used as a positive control. Then, the suspension was removed, cells
were washed with PBS, collected by centrifugation, and suspended in ice-cold ethanol /PBS
solution (90%/10% v/v). The cells were suspended in PBS containing 20 pug/mL of RNase
DNase-free inhibitor (Sigma-Aldrich, Milan, Italy) for 30 min at 37 °C. PI 10 uM was added
and the samples were analyzed using a CytoFlex (Beckman Coulter, Cassina de Pecchi,
Italy) with an excitation wavelength of 488 nm and an emission wavelength of 610 nm and
measuring 10,000 events per sample.

2.10. Cell-Particle Bio-Interaction

Quantitative analysis: Cells were seeded on 6 multiwell plates at the density of
2.5 x 10° cell/well and after 24 h, they were treated with different concentrations of Ag
NPs (1-10-20-50 pg/mL) for additional 24 h. At the end of the exposure, the cells were
recovered by trypsinization, and the samples were analyzed using a CytoFlex (Beckman
Coulter, Cassina de Pecchi, Italy) with an excitation wavelength of 488 nm. The side scatter
signal (SSC) of the gated cell population was recorded as proxy variable of the particle—cell
interaction (both at cell membrane and/or after internalization).

Qualitative analysis: A549 cells were seeded on coverslip in 6 well plates (3 x 10° cell /well).
After 24 h, cells were exposed with 20 ug/mL of AgHECp, and AgPVP for an additional
24 h. At the end of the exposure, cells were washed 2 times with sterile PBS and fixed in a
solution of 2.5% glutaraldehyde in phosphate buffer (pH 7.4) for 1 h. Then, after washings
in the same bulffer, cells were post-fixed in 1% osmium tetroxide aqueous solution for 2 h
at 4 °C in the dark. Dehydration in ethanol (50, 70, 90, 96 and 100%) and infiltration in
epoxy resin were the following steps. Embedded samples were cut with an ultramicrotome
(Reichert-Jung Ultracut E) to obtain thin sections (60-70 nm) to be observed under the
transmission electron microscope (TEM). Before observation, the sections were stained for
30 min with an aqueous solution of Uranyl Acetate (1%).

2.11. Statistical Analysis

Data are expressed as the mean + standard error (SE) of at least three biological
independent experiments (N > 3, if not otherwise stated). Fold change values were log?2
transformed and reported and analyzed as such. Statistical analyses were performed using
R software [30], using one-way ANOVA test followed by Dunnett’s post hoc test if the
homogeneity of variance was confirmed by Levene’s test; conversely, the pairwise Wilcox
test was applied to determine statistical differences; values of p < 0.05 were considered
statistically significant.

3. Results
3.1. Novel AGHEC Particles Characterization

The novel AgHEC particles were specifically designed, and a series of different ana-
lytical approach were used to characterize their morphological and functional properties.
TEM analysis allowed to characterize the morphology and the crystalline structure of
the NPs (Figure 1). Both AgHECs and AgHECp have a rather narrow size distribution
(3-20 nm and 5-50 nm for AgHECs and AgHECp, respectively) and their diffraction pat-
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terns (HRTEM-SAED analysis) confirmed their crystalline structure, formed by twinned
domain’s structure.

TEM HRTEM HAADF-STEM Size distribution
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Figure 1. Transmission electron microscopy images of AGHEC NPs. TEM pictures were used for the
morphological characterization of the NPs, HRTEM were used to determine the diffraction patterns
of the novel particles while the HAADF-STEM to determine the size distribution of the particles.

The XRD results (Figure 2) show a typical XRD pattern of Ag NPs, the main peaks
detected can be indexed as a Face-Centered Cubic (FCC) structure (JCPDS, file no. 4-
0783). The patterns obtained show the presence of diffraction peaks at 38, 44, 64 and 77°,
corresponding, respectively, to (111), (200), (220) and (311) Ag planes.

XRD UV-Vis
0.7
~ 06
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<
; g 0.4
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< 0.1
0
10 20 30 40 50 60 70 80 320 370 420 470 520 570
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——AgHECs AgHECp —— AgHECs AgHECp

Figure 2. X-ray diffraction and UV-Vis spectra of novel NPs. XRD peaks typical of Ag NPs are
reported together with other minor peaks related to the synthesis process. The UV-Vis absorption
spectra agree with the silver core nature of the novel NPs.

Crystallite size was determined using the Scherrer method on the main diffraction
peak (111). AgHECsS has a crystallite size of 8.8 nm, and AgHECp of 9.1 nm. The two
samples show similar crystallite size and the AgHECs value is aligned with the TEM size
(9 nm), while TEM analysis for AGgHECp showed a larger size (19 nm). This may be due to
the spray freeze-drying leading to an aggregation, but the low temperature does not allow
the recombination of crystal seeds.

Other diffraction peaks may be related to synthesis byproducts, mainly sodium chlo-
ride (NaCl), while the amorphous region at approximately 20°, more evident for AgHECs,
is due to the amorphous glass substrate. UV-Vis absorption spectra showed the typical
Surface Plasmon Resonance peak of Ag NPs. In this case, the maximum absorption falls
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at 410 nm for AgHECs and at 397 nm for AgHECp, typical wavelengths of spheroidal Ag
NPs with a size of approximately 10-20 nm.

FTIR spectra confirmed the presence of the HEC shell around the NPs. The AgHECs
gave lower signals due the presence of the dispersant (water). Cleared peaks were recorded
for the AgHECp (Appendix B, Figure A1)

3.2. Ag NP Characterization for Toxicological Analyses

Ag NPs physical properties in the different solutions tested were comparable consider-
ing the two concentrations (10 and 100 ug/mL, Table 1). Ag NP hydrodynamic diameters
showed a general tendency to reduce over the time in both MilliQQ and DMEM solutions;
among the different NPs, the AgHECs and AgHECp NPs showed a lower tendency to mod-
ify their hydrodynamic diameter over 24 h, when dispersed in aqueous solution compared
to the reference NPs (AgNKD) (Table 1).

Table 1. Ag NP characterization for cell exposure. Dynamic Light Scattering (DLS) analysis performed
for Ag NPs (AgNKD, AgPVP, AgHECs and AgHECp) in MilliQ water and cell culture medium (CCM).
The measurements were performed at two different time points, 0 and 24 h, and two concentrations
(10 and 100 ug/mL) were considered. In the table are also reported the values of z-average (nm) + SD
and PDI =+ SD. In addition, for each particle is indicated the value (-potential (mV) in MilliQ water at
the concentration of 100 pug/mL.

NPs Medium Time (h) pug/mL z-Average (nm) = SD PdI + SD
0 10 266.29 + 35.96 0.47 £ 0.01
o 24 10 14252 £ 51.02 0.29 = 0.05
m 0 100 270.76 + 53.18 0.45 + 0.04
; AgNFD V757 24 100 109.35 + 22.42 0.34 + 0.08
-potential: —27.
(1goug/mL in mQ) 0 10 624.32 + 106.24 0.75 + 0.09
24 10 128.99 =+ 15.32 0.24 =+ 0.06
DMEM 1% FBS 0 100 328.71 + 769 0.37 +0.13
24 100 167.57 + 7.55 0.33+0.1
0 10 1515.88 + 928.18 0.92 +0.14
o 24 10 591.67 + 192.93 0.81 & 0.16
m 0 100 695.91 & 617.49 0.7 £ 0.26
: AgP‘I/P oo 24 100 227.06 + 159.62 045+ 0.15
-potential: —6.
(10%ng /mL in mQ) 0 10 545.96 + 386.17 0.69 + 0.26
DMEM 1% FBS 24 10 165.92 =+ 58.32 0.21 +0.15
° 0 100 361.4 + 11043 0.43 =+ 0.06
24 100 185.11 + 7.62 0.2 +0.14
0 10 122.04 + 10.16 0.14 + 0.02
m0 24 10 109.41 + 8.36 0.15 =+ 0.003
0 100 122.16 + 5.89 0.14 + 0.02
; AgHElCS . 24 100 115.7 4 5.37 0.15 + 0.01
-potential: —4.
(10%% /mL in mQ) 0 10 72.57 + 6.26 0.23 + 0.04
DMEM 1% FBS 24 10 77.82 +0.82 0.23 +0.03
° 0 100 80.37 + 2.4 0.2 4+ 0.02
24 100 75.23 & 4.91 0.21 =+ 0.05
0 10 293.83 + 6.76 0.41 = 0.06
m0 24 10 219.33 £5.13 0.4 +0.01
0 100 304.89 + 34.89 0.37 + 0.07
. Atgf??fpg 0 24 100 261.63 + 26.86 0.36 & 0.06
-potential: Y.
(10(§)ug/mL in mQ) 0 10 62.72 +10.85 0.46 £+ 0.02
. 24 10 148.66 + 39.78 0.28 + 0.03
DMEM 1% FBS 0 100 150.29 + 19.7 0.35 + 0.06

24 100 88.63 £ 4.97 0.51 £0.01




Toxics 2023, 11,195

9 of 22

AgNKD

L
%,

100 nm__

20 nm

S0 nm 20m 10 '.

The (-potential resulted highly negative for AgNKD (—27.57 mV), slightly negative for
Ag-PVP and Ag-HECs (—6.07 mV and —4.71 mV, respectively) and positive for AgHECp
(+9.92 mV). This differential surface property of the different NPs is related to the different
coating—the naked particle being the most negative compared to the coated ones—and to
the coating procedure, the ¢-potential of HECs and HECp being different.

Ag NP suspensions, prepared in MilliQ water, were also analyzed by transmission
electron microscopy (TEM) to qualitatively evaluate their morphology and agglomeration
state (Figure 3). All the Ag NPs showed primary particles with a spherical shape in
the range of 20 to 30 nm. AgHECs and AgHECp resulted better dispersed compared to
AgNKD and AgPVP, which were characterized by agglomerates in the order of hundreds
of nm, as already observed by DLS analysis. This difference in agglomeration is a relevant
outcome of the different surface modifications which allow for a better dispersion during
manufacturing processes, such as spray coating of textile, at the same time, agglomeration
state greatly affects bio-interactions and effects in living cells.

AgPVP AgHECs AgHECp

e .
100 nm_ I.UO n . L4 100 _nm

Figure 3. Transmission electron microscopy images of Ag NP suspensions. Ag NPs in MilliQ water
were analyzed by TEM. The images in the upper panel show how particle suspensions are dispersed
and in the lower panel is shown a detail of small agglomerates or single particles.

3.3. Cell Viability

To better assess cell viability, avoiding possible NP interference, Alamar Blue and MTT
assays were tested. Finally, the Alamar Blue method was selected as the best performing
assay (Figure 4, MTT data in Appendix B, Figure A2). Viability decreased concentration-
dependently for all the particles tested, but the AgHECs, with a clearer effect for the
AgHECp NPs. Similar results were obtained after 48 h of treatment, showing no additional
toxicity to exposed cells (Appendix B, Figure A3). Given the general low cytotoxicity
of the Ag NPs, the 24 h ICs5y was correctly calculated only for AgHECp (ICsy equal to
57.05 pug/mL, with an upper and lower confidence values of 47.61 and 70.01 pg/mL) while
for the other Ag NPs we assume that the ICs is higher than 100 pug/mL.

According to its higher cytotoxic effects, AGHECp (Appendix B, Figure A4) also in-
duced a concentration-dependent increase in annexin V/PI positive necrotic/late apoptotic
cells that was statistically significant at 20 and 50 ug/mL (5.7% and 7.2% versus 1.9% in
control cells) with a consequent reduction in viable cells (90.92% and 87.8% com-pared to
94.8% in control cells). Additionally, AgHECs and AgPVP induced a statistical increase in
necrotic/late apoptotic cells (3.4 and 3.7% at 20 and 50 ug/mL for AGHECs and 4.1% at
50 pg/mL for AgPVP) while the AgNKD showed no significant effect at the concentrations
we tested (Appendix B, Figure A4).
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Figure 4. Cell viability. The graphs show the percentages of cell viability compared to the negative
control, assessed by Alamar Blue assay after 24 h of treatment. Data are presented as the mean of
at least three independent experiments + SE. Statistical analysis: one-way ANOVA followed by

Dunnett’s test. * p < 0.05 compared to control; ** p < 0.01 compared to control; *** p < 0.001 compared
to control group.

3.4. Reactive Oxygen Species Formation

Intracellular ROS formation was selected to investigate the capability of the NPs to
increase the oxidative status in exposed A549 cells. H,DCFDA conversion to fluorescent
DCFA was assessed by cytofluorimetric assay. After 90 min of treatment, AgNKD and
AgPVP at the exposure concentration of 50 ug/mL induced a significant increase in intra-
cellular ROS. A non-significant increase was observed in AgHECp exposed cells, while
absence of modulation was observed in AgHECs treatments (Figure 5). After 24 h of
exposure to Ag NPs, ROS were slightly but not statistical significantly modulated by all the

NPs (Appendix B, Figure A5).
3
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Figure 5. Reactive oxygen species were significantly increased after 90 min of treatment in AgNKD
and AgPVP exposed cells (50 ug/mL). Data are presented as the mean of at least three independent
experiments + standard deviation. Statistical analysis: one-way ANOVA followed by Dunnett’s test.
* p < 0.05 compared to control non exposed cells.
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3.5. Inflammatory Response (IL-8 Release)

The release of the inflammatory mediator (IL-8) in A549 cells after 24 h of exposure to
Ag NPs was modulated differently by the different NPs (Figure 6). Although some increase
in the pg/mL of IL-8 in treated samples, statistically significant increases were observed
only for the higher concentrations of AGHECs (100 pg/mL) and at the concentration for
50 pg/mL of AGHECp. Among the different NPs, AgGPVP was the least active in inducing
IL-8 modulation. After 48 h of exposure, the modulation of the inflammatory protein IL-8
was not significant at the concentrations tested (data not shown).

ook
e
‘ | | "

AgNKD AgPVP AgHECs AgHECp
00 001 @1 W10 M20 W50 B100 (ug/ml)

Figure 6. The inflammatory response (IL-8 release). IL-8 protein concentration was differently
modulated by the NPs. Higher releases were observed at the higher exposure concentration of the
AgHEC NPs (ANOVA followed by Dunnett’s test) and at the concentration for 50 1g/mL AgHECp.
Data are presented as the mean of the pg/mL release by each sample (n = 3) & SE of at least three
independent experiments. * p < 0.05 and *** p < 0.001 compared to control group.

3.6. Oxidative DNA Damage (YH2AX)

The DNA damaging effects of the Ag NPs was assessed by the quantification of the
phosphorylated protein H2AX (yYH2AX). The increase in the fluorescent signal of YH2AX
(Figure 7) after A549 treatment with the different NPs was significant for all the NPs at the
concentrations tested (20 and 50 pug/mL). Compared with the other NPs, the AgHEC NPs
showed a high increase in H2AX phosphorylation after the exposure to 20 ug/mL.

3.7. Cell Cycle Alteration

Since damage at the DNA is a relevant endpoint in assessing the hazards of new
NPs, we also tested the capability of the different NPs to induce alteration in the cell cycle
progression (Figure 8). The cell cycle may be altered by different events, an increase in cells
stalled in the S phase is normally related to issues with the DNA replication machinery or
the presence of DNA damages that slow the replication process, while increases in cells in
the G2/M phase may be still related to the presence of DNA damages to be corrected prior
to mitosis or to alteration to the mitosis machinery. The results show that after treatment
with the different Ag NPs at the concentration of 50 ug/mL a significant increase in cells
blocked in G2/M was observed and coupled to an increase in S phase (except for the
AgPVP NPs). Again, the AGHECp NPs were able to induce cell cycle alterations at a
lower concentration.
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Figure 7. DNA damage (expressed as log2 FC of YH2AX) was determined by quantifying the increase
in the YH2AX protein. Control values are equivalent to the zero line, values above this value are
actual increases in the protein content while negative values are downregulation of the protein.
Increases in DNA damages in exposed cells were observed for all the Ag NPs at the concentration of
20 and 50 ug/mL. Data are presented as the mean of at least three independent experiments + SE.
Statistical difference analyzed by one-way ANOVA and Dunnett’s test. * p < 0.05 compared to control;
** p < 0.01 compared to control, ANOVA with post hoc; *** p < 0.001 compared to control, ANOVA
with post hoc; # p < 0.05 compared to the 50 ug/mL exposure concentration.
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Figure 8. Cell cycle analysis. In the graph are reported the percentages of cells in the different cell
cycle phases: subG0, G1, S and G2M (n > 3). It is possible to observe a statistically significant increase
in cells in G2M phase after treatment with all the Ag NPs. Data are presented as the mean of at least
three independent experiments + SE. Statistical analysis: one-way ANOVA followed by Dunnett’s
test; ** p-value = 0.01 compared to control.

3.8. Cell-Particle Bio-Interactions

To analyze the possible NP interactions and/or uptake of Ag NPs, monolayers of
Ab49 treated for 24 h were investigated by laser beam scattering and TEM imaging. The
SSC reported show (Figure 9) that A549 cells treated with AgNKD and AgPVP had the
lowest scattering values and were statistically different from the control only at the higher
concentration of exposure. On the contrary, cells treated with AgHECs and AgHECp
resulted in higher SSC values and therefore higher cell-particle interactions (significant
values different from the controls already at the concentration of 10 pg/mL (p < 0.001).
TEM imaging (Appendix B, Figure A6) supports these findings. AgPVP treated cells show
an ultrastructure well maintained, and different subcellular structures are recognizable.
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AgHECP cells on the contrary clearly show particles internalization and particle membrane
interactions. In the future, a more detailed investigation of the intracellular localization
of the NPs and possible modifications induced at ultrastructural levels may support the
AOP-oriented investigation strategy.
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Figure 9. Bio-interaction analysis. The side scatter (SSC) values of cells exposed at different concen-
trations of the different Ag NPs. Clear differences among the NPs are reported, with AgHEC NPs
showing higher SSC values compared to AgNKD and AgPVP treatments. Data are presented as the
mean of at least three independent experiments + SE. Statistical analysis: one-way ANOVA followed
by Dunnett’s test; * p-value = 0.05; *** p-value = 0.001 compared to control.

4. Discussion

Safety of nanomaterials and nano-enabled products (NEPs) is a primary objective for
more sustainable and innovative goods given the intrinsic potential hazards of objects in
the nanometric scale [31,32]. The evaluation of the hazards of NPs of interest is usually
performed after a synthesis procedure is set up to shape the NP of interest for the specific
application it is intended for. Therefore, the toxicological evaluation has been usually
performed at the end of the production, application, and disposal cycle to confirm that the
particle or the product containing the particle does not pose a hazard to humans or the
environment. To overcome this a posteriori evaluation of the risk for the human health and
the environment of NPs or NEPs, safe-by-design (SbD) approaches have been proposed
during the last years [15,33]. The basic concept is to provide a priori evidence of the absence
of hazards in the new NP or NEP during their life cycle therefore minimizing or removing
unwanted or unpredicted risk after exposure. One of the key questions of SbD procedure is
to what extent they are predictive of potential chronic effects, given the absence of acute
toxicity. To address this question, methodological approaches have been proposed such
as in [33] to provide a standardized procedure to follow for different NMs with similar
intended application. On the other hand, the definition of the adverse outcome pathways
(AQOPs) concept [34-36] provided a novel framework to support SbD approaches [15,16,37].
Within the framework of AOPs we identified AOP #173 related to lung fibrosis of substances
interacting with the membrane components (e.g., receptors and lipids) of lung cells leading
to fibrosis. In fact, the induction of lung fibrosis due to NP exposure has been proposed by
several authors [16-19]. In our experiments, we synthetized novel Ag NPs coated with a
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shell of HEC. The thorough characterization performed, confirmed the crystalline nature of
the novel NPs and the presence of the external layer of HEC. These novel particles were
analyzed in parallel for their toxicological properties according the AOP selected. This
AQP has, as a molecular-initiating event (MIE), the interaction of the substance with the cell
membrane. The data reported confirm the interaction of Ag NPs with the plasma membrane
of exposed cells and the internalization of clusters of NPs into membrane structures within
the cytoplasm, interestingly this was more evident for AGHECp. Internalization of NPs
is a relevant mechanism also for cytotoxicity. Indeed, the capability of some metal or
metal oxide NPs, especially Ag NPs, to exert their adverse effects through the intracellular
release of metal ions after internalization is largely reported [38—41]. Internalized NPs
might interact with cellular macromolecules according to their affinity or by generating
ROS [41,42]. The results here reported show a significant increase in ROS after 90 min
of exposure. According to the expected oxidative burst usually reported few hours after
exposure of in vitro or in vivo models to NPs [42-45]. We would like to speculate, that the
absence of positive results with the HEC coated NPs, may be related to a quenching effect or
a masking effect of the HEC over the fluorescent probe used to test ROS. In fact, according
to the short life of reactive species in cells, we observed, also in HEC coated Ag NPs, the
increase in YH2AX, a marker of oxidative damage of the DNA, that is in fact also related
to precedent ROS formation [46,47]. ROS formation may also be related to inflammatory
mediator release [48-51] and therefore contribute to the modulation of IL-8 we reported
here. The activation of the inflammatory response in exposed cells is another key event
(KE) in the AOP for lung fibrosis since chronic inflammation [52-54] is a trigger of changes
in the extra cellular matrix leading to fibrosis [55]. We also report here the capability of
Ag NPs to alter the cell cycle of the exposed epithelial cells, adding an additional event on
the path to lung fibrosis [56]. What are relevant in the SbD concept are the differences we
have observed between the differentially coated NPs (Appendix B, Table Al). Considering
AgNKD as a reference we report here that the AgPVP nanoparticles are likely the less active
in inducing adverse events related to the selected AOP. Interestingly, we report a clear
difference of Ag NPs coated with hydroxyethyl cellulose (HEC), the focus of our study,
considering two different conditions. The AgHECp was the most toxic, determining the
highest cytotoxicity and IL-8 modulation, while the DNA damaging potency and the cell
cycle alteration were similar between the two AgHEC NPs. The higher toxicity of AgHEC
NPs could be related to both their higher stability and lower agglomeration in toxicological
media, lower DLS hydrodynamic diameter and TEM images as compared to reference
Ag NPs [56-58] and the direct effect of the HEC coating in favoring the internalization of
the Ag NPs [57]. In the SbD framework and considering the AOP outcomes we reported
here, the HEC coating being the core of the newly developed Ag NPs, the production
and use of HEC coated Ag NPs should follow a wet production and use procedure rather
than drying the NPs for subsequent uses. The reason why AgHEC in powder form is
more hazardous than the original colloidal solution may be linked to the possible physico-
chemical transformations of the coating polymer during the processes. Further, considering
the methodology (freeze-drying) used to obtain AGHECp, very slight modifications of the
polymer structure are expected. How such possible minor modifications may influence the
biological reactivity is a fascinating aspect for future investigations.

5. Conclusions

In conclusion, novel NPs (AgHEC) were here synthetized, characterized and tested
in parallel for their hazards according to a SbD approach combined with relevant AOP
events (Figure 9). The combination of these two relevant frameworks showed efficacy in
characterizing the hazards of different Ag NPs and defining which production and use
procedure should be considered with lower expected risk. The doping of the surface of
Ag NPs seems to have a primary role in driving the toxicity of the newly synthetized
particles and the selection of coated NPs with lower intrinsic hazards should be favored
for subsequent testing and use in manufacturing procedure (Figure 10). Here, we show
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that HEC coating favors the dispersion of the Ag NPs in water-based media. This, from
a manufacturing point of view, is a benefit since well-dispersed NPs are less prone to
cloth and obstruct orifices needed for example during spraying. On the other hand, HEC
coating favors particle-cell membrane interaction and cytotoxicity. Our results allowed the
discrimination of the potential hazard of two different processes of AgHEC production
and use, the wet (AgHECs) and dry (AgHECp) approaches, considering the first the one to
favor for subsequent additional tests and manufacturing processes.
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Figure 10. Summary of the AOP-oriented test analysis for the different NPs analyzed. Among the
different NPs, the newly produced are the most likely to activate relevant events related to AOP
#173, lung fibrosis, and therefore pose a relevant hazard for human health. The reference materials
(AgNKD and AgPVP) are less relevant in the framework of the AOP selected. Significantly, the AOP
events investigated clearly showed that the AgHECp are activating all the relevant events that may
link the exposure to these NPs to the adverse lung outcome, while the AgHECs are less likely to
determine such detrimental effects.
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Appendix A

e MTT assay

The viability of the cells was also assessed through the MTT assay. After the exposure
to nanoparticles, cell medium was removed, and cells were washed with PBS. MTT was
dissolved at 5 mg/mL in PBS, then a suspension containing 62.5 uL for each mL of cell
culture medium (DMEM supplemented with 10% of FBS) was prepared and 1 mL of it was
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added to each well. Cells were then incubated in the dark at 37 °C and 5% CO, for 2 h to
allow the viable cells to reduce tetrazolium salt in formazan crystals. Then, supernatants
were removed, and the precipitated crystals were solubilized using 1 mL of DMSO for each
well. The plates were left for 10 min with continual shaking, then 200 L from each well
were pipetted in triplicate in a 96-well transparent plate and the absorbance was measured
at 570 nm with a reference of 690 nm with a TECAN Infinite M200 Pro microplate reader.
The viability is expressed as percent control ratio.

e  Mycoplasma detection

The possible contamination by mycoplasma strains of the cultured cells is performed
monthly according to [58]. Cells were seeded on a glass coverslip in 6 multiwell plate
(2.5 x 10 cell/well) and allowed to grow until reaching confluence. The medium is then
removed, and cells are washed with sterile PBS. The cells are then fixed with 1 mL of
paraformaldehyde fixative for 5 min, this procedure is repeated twice. Then, the fixative is
removed, and the coverslips are allowed to dry under a sterile hood. After drying, cells
are stained with Hoechst 33258 for 5 min. The stained cells are rinsed with sterile PBS and
then are mounted with Prolong mounting solution. Each coverslip is analyzed under an
AxioObserver.Z1 Cell imaging station (Zeiss, Jena, Germany), by an immersion oil 63x
objective to detect the presence into the cytoplasm of small Hoechst positive extranuclear
dots. At least 100 cells per coverslip are analyzed. Images are acquired by an AxioCam
MRm digital camera and elaborated with the ZEN2.3 Blue software (Zeiss). Figure 6 reports
representative pictures of A549 cells after Hoechst staining at two different passages of the
cell culture, passage 10 and passage 19.

Appendix B

Table Al. Summary of the toxicological outcomes and tentative ranking of the tested NPs from the
less to the most toxic. Scores (in terms of number of +) were assigned considering the statistical
significance of the effects, the dose response tendency of the effects and the first concentration of
exposure giving a significant effect.

.. . . Cell Cycle Final Rank from
NPs Cytotoxicity = ROS (90 min) Inflammation = DNA Damage Alteration Less to Most Toxic
AgNKD + + + + + 1
AgPVP ++ + + + 1
AgHECs ++ ++ ++ ++ 2
AgHECp +++ ++ ++ ++ 3

ATR-FTIR
100 Ny
S 90
8 80
]
g 70
g 60
£
= 50
40
3500 2500 1500 500
Wavenumber (cm!)
—— AgHECs AgHECp —— HECp

Figure A1. FTIR spectra of the AGHEC NPs. The ATR-FTIR spectrum of the hydroxyethyl cellulose
(HEC) functionalized with quaternary ammonium used as capping agent (in red) show a broad band
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at approximately 3500-3200 cm !, which refers to stretching of hydroxyl group. Peaks at 2870 and
3010 cm ™! refer to C-H stretching. The band at approximately 1650-1580 cm ™! is related to the
amine N-H bending. Peaks at 1440 and 1350 cm~! refer to C-H and O-H bending. The alcohol
C-O stretching peaks at 1110 and 1050 cm ™! are observed. Using this one as reference, it is possible
to observe that AgHECp follows well the relative intensity of the absorption peaks. The AgHECs
spectrum is influenced (very low signal intensity) by the water suspension.
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Figure A2. Cell viability assessed by MTT. Significant reduction of cell viability was observed after
AgHECp and AgNKD. AgPVP and AgHECs particles were effective less. ANOVA one way followed
by Dunnett test, * p < 0.05; *** p < 0.001 compared to control cells, N = 3.
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Figure A3. Cell viability assessed by Alamar Blue at 48 h. A significant reduction in cell viability was
observed after AgHECp and AgNKD. AgPVP and AgHECsS particles were less effective. One-way
ANOVA followed by Dunnett’s test; * p < 0.05; *** p < 0.001 compared to control cells. N = 3.
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Figure A4. Cell death characterization after exposure to Ag NPs. The percentages of viable cells,
apoptotic cells (Annexin V positive), late apoptotic cells (Annexin V/PI—positive) and necrotic cells
(PI—positive). A549 cells after exposure for 24 h to 50 ug/mL to Ag NPs; each treatment is reported
with its relative negative control (unexposed cells). Statistical analysis: one-way ANOVA followed by
t-test; * p < 0.05; ** p < 0.01, *** p < 0.001 compared to control cells. N = 3.
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Figure A5. ROS levels in cells exposed to Ag NPs for 24 h. ROS expression was assessed using
H,DCFDA as indicator although some modulation statistically significant effects were not observed.
Data are presented as the mean =+ SE. Statistical analysis: one-way ANOVA followed by f-test.
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Figure A6. TEM picture of A549 exposed to AgPVP (B) or AgHECp (C,D) NPs. Increased membrane
localization of NPs is evident in AgHECp treated cells and intracellular localization in lamellar bodies
(C) in compared to AgPVP (B) and control cells (A). M = mitochondria, PM = plasma membrane,
LB = lamellar bodies, CS = cytoskeleton, and N = nucleus.

Figure A7. Hoechst stained A549 for mycoplasma screening. The absence of extranuclear cyto-
plasmic staining confirm the absence of mycoplasma in the cultured A549 cells. Pictures are from two
different passages: passage 10 is reported in Figure A6 (A) (tones of grey channel) and (B) (Hoechst
channel), passage 19 is reported in Figure A6 (C) (tones of grey channel) and (D) (Hoechst channel).
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ABSTRACT: The current European (EU) policies, that is, the Green Deal, envisage safe and sustainable practices for chemicals,
which include nanoforms (NFs), at the earliest stages of innovation. A theoretically safe and sustainable by design (SSbD)
framework has been established from EU collaborative efforts toward the definition of quantitative criteria in each SSbD dimension,
namely, the human and environmental safety dimension and the environmental, social, and economic sustainability dimensions. In
this study, we target the safety dimension, and we demonstrate the journey toward quantitative intrinsic hazard criteria derived from
findable, accessible, interoperable, and reusable data. Data were curated and merged for the development of new approach
methodologies, that is, quantitative structure—activity relationship models based on regression and classification machine learning
algorithms, with the intent to predict a hazard class. The models utilize system (i.e., hydrodynamic size and polydispersity index) and
non-system (ie., elemental composition and core size)-dependent nanoscale features in combination with biological in vitro
attributes and experimental conditions for various silver NFs, functional antimicrobial textiles, and cosmetics applications. In a
second step, interpretable rules (criteria) followed by a certainty factor were obtained by exploiting a Bayesian network structure
crafted by expert reasoning. The probabilistic model shows a predictive capability of ~78% (average accuracy across all hazard
classes). In this work, we show how we shifted from the conceptualization of the SSbD framework toward the realistic
implementation with pragmatic instances. This study reveals (i) quantitative intrinsic hazard criteria to be considered in the safety
aspects during synthesis stage, (ii) the challenges within, and (iii) the future directions for the generation and distillation of such
criteria that can feed SSbD paradigms. Specifically, the criteria can guide material engineers to synthesize NFs that are inherently
safer from alternative nanoformulations, at the earliest stages of innovation, while the models enable a fast and cost-efficient in silico
toxicological screening of previously synthesized and hypothetical scenarios of yet-to-be synthesized NFs.

KEYWORDS: safe and sustainable by design, nanoforms, nanoparticles, quantitative structure—activity relationship, machine learning,
Bayes rules, intrinsic hazard criteria

1. INTRODUCTION

The current paradigm of European (EU) policies, that is, the
Green Deal, envisage safe and sustainable practices for
chemicals, which include nanoforms (NFs), at the earliest
stages of innovation to prevent and/or minimize safety and
sustainability impacts." To meet those policy goals, novel
frameworks are required such as the safe and sustainable by
design (SSbD) notion. The SSbD concept is under the

Received: January 11, 2023
Accepted: January 20, 2023
Published: February 16, 2023

© 2023 The Authors. Published by
Amiric:n %ﬁemk:callssgcietg https://doi.org/10.1021/acsanm.3c00173

v ACS Publications 3948 ACS Appl. Nano Mater. 2023, 6, 3948—3962


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irini+Furxhi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rossella+Bengalli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+Motta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paride+Mantecca"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ozge+Kose"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marie+Carriere"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ehtsham+Ul+Haq"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ehtsham+Ul+Haq"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charlie+O%E2%80%99Mahony"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Magda+Blosi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Davide+Gardini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Costa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.3c00173&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00173?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00173?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00173?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00173?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00173?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00173?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00173?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00173?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aanmf6/6/5?ref=pdf
https://pubs.acs.org/toc/aanmf6/6/5?ref=pdf
https://pubs.acs.org/toc/aanmf6/6/5?ref=pdf
https://pubs.acs.org/toc/aanmf6/6/5?ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.3c00173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Applied Nano Materials

www.acsanm.org

Hazard ‘
design
| criteria  SAFETY
profiles

Process Safety

i
o S {

;' Functionality
',- dimension
/Safet\y'(intrinsic)

N Hazal;d\basgq )

o FUNCTIONAL

*.Design :
Hyﬁoth‘esis profiles

~«._._...d| Functionality
criteria

; Occupation

./Hum;n\ai

Exposure
design
criteria

Envi. l
' Sustainability . S
Economic

. /K-/ Sustainability |

3 ;
\

SUSTAINABLE
Environmental

1 profiles
Use phase -

Figure 1. SSbD framework dimensions, following a hierarchical approach in which safety aspects are contemplated first, followed by environmental
sustainability, and socioeconomic aspects (image adapted from the JRC framework).

spotlight of science, regulation, and engineering to achieve the
goals foreseen by EU policies.” Commission has funded several
projects on nanotechnologies” in the frame of Horizon 2020
(H2020) which, through industrial case studies, will offer to
various stakeholders digital products to facilitate (i) the
selection of alternative design options and (ii) the decision-
making process when having to weight criteria along the life
cycle of a NF and once integrated in nano-enabled products
(NEPs). In relation to the aforementioned criteria, the Joint
Research Center (JRC) published a theoretical SSbD frame-
work for the description of such criteria.’ The framework
provides guiding principles on the SSbD dimensions to
support the design phase and aspects and indicators in each
dimension to establish criteria that will guide researchers
toward SSbD practices. The SSbD dimensions are shown in
Figure 1 demonstrating the re-design phase supported by a
hypothesis formulation and the dimensional targets of
functionality, human, and environmental safety containing
intrinsic hazards, human occupational safety (process stage)
and human/environmental health (use phase), and the two
final steps of sustainability (environmental and economic).
The first principle stressed by ref 4 that supports the SSbD
framework is the need of findable, accessible, interoperable,
and reusable (FAIR) data: each dimension is driven by criteria
based on data (experimental or modeled) to promote safe and
sustainable research and innovation. A cornerstone aspect of
the implementation and reproducibility of the SSbD concept is
data quality and availability, that is, data FAIRness. Data needs
to be treated according to FAIR principles to safeguard its
long-term use and access.”® The data management plan has
been added as an inherent deliverable of any project that
generates, assembles, or processes data according to the
guidelines on FAIR data management. The Anticipating Safety
Issues at the Design Stage of NAno Product Development
(ASINA) project is generating data across the life cycle of NFs
with the aim to develop a data-driven decision-making strategy
based on the manufacturing of two types of enhanced
antimicrobial NEPs, namely, functional textiles and cosmetics
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applications.” These data are currently being curated by the
data shepherd”.*~'° In this study, we show one of the fruits of
the FAIR data management process and how such an action
accelerates the development of new approach methodologies
(NAMs).

The second principle underlined by ref 4 is the need of
NAMs: an umbrella of various applications such as computa-
tional, that is, in chemico, in silico, and other in vitro,
approaches that allow multiple investigations at the same time
and are expected to accelerate the implementation and
validation of the SSbD concept®.''™"® Machine learning
(ML) is a subfield of artificial intelligence (AI) and represents
the definitive implementation of the 3R principles (replace-
ment, reduction, and refinement of animal testing). In the field
of computational (nano)toxicology, one of the most essential
methods are the quantitative structure—activity relationships
(QSARs, “nano-QSARs”, when applied to NFs). In QSAR, the
activity (e.g., toxicity) is predicted from a set of descriptors by
using various ML algorithms (e.g., supporting vector machines,
random forests, and artificial neural networks).M_QSARs have
been widely used in the field of nanotoxicology,">™"* and with
the blooming of the ML applications, the interpretability has
become an integral part so that their reasoning processes are
more understandable and easier to be used in practice.”
Bayesian networks (BNs) are ML graphical models that merge
probabilistic analysis, automated reasoning, and expert judg-
ment. Such an amalgamation is essential in a challenging
domain, such as nanosafety, which faces conflicting and
uncertain  knowledge.””*' Expert reasoning structures are
interpretable, re-usable by humans, and differ from the ones
generated solely by automated reasoning from data.””
Numerous studies have employed BNs in the nanosafety
domain to support risk assessment and prioritize NF hazard
assessment.' @77

The third principle for a successful SSbD implementation is
the extraction of quantitative criteria: during the EU high-level
roundtable on chemicals strategy for sustainability,” it was
mentioned that the design criteria for chemicals will move

https://doi.org/10.1021/acsanm.3c00173
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Figure 2. Interpretable rule extraction workflow. From the data collection, to dataset curation, and exploration of ML tools for the QSAR

development to the final extrapolation of interpretable rules.

“from qualitative to quantitative assessments, with more data
becoming available”. Recent stakeholder webinarsd, network-
ing events®, and nanosafety expert trainingsf stressed that a
well-defined and straightforward approach to derive quantita-
tive criteria guiding a SSbD is missing and required. The BNs
fulfill the expectations of such criteria by providing a set of
discrete and mutually dependent interpretable rules from the
conditional probability tables (CPTs). These rules have been
used to guide decision-making processes by providing experts a
series of IF statements [IF X satisfies (condition A AND
condition B) OR (condition C) OR..., Then Y = 1].2*?° In the
nanosafety domain,”® BNs were developed from the data
derived from a meta-analysis of cellular viability of quantum
dot NFs. In the supplementary material of the ibid study, the
authors provide such rules derived from the CPTs of the BN
structure.

To respond to the above challenges, we focused on step 1—
hazard assessment of the SSbD framework® concerning the
assessment of the physicochemical (pchem) properties of
materials in order to derive criteria that lead to intrinsically
safer materials, before proceeding further in the SSbD
execution. In this context, the term “by design” refers to a
set of nanoscale features that can be modified by material
designers toward synthesizing/re-designing less hazardous
NFs. In this manner, our efforts align with the overall
objectives of the chemicals strategy for sustainability®, for
example, “ensure that all materials placed on the market are in
themselves safe”. The methodology followed is shown in
Figure 2. We combined FAIR data with NAMs comprising
QSAR approaches and explainable ML techniques for the
extraction of interpretable rules from BNs. Data collection:
first, nanodescriptors related to silver nanoforms (AgNFs) such
as system-dependent pchem properties (extrinsic properties
influenced by the surrounding environment or experimental
conditions aka the system) and non-system-dependent pchem
properties (intrinsic), biological in vitro attributes, exposure
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conditions, and the hazard outcome were collected (Figure 2,
left). Dataset: in a second step, data is curated, merged, and
processed with various techniques (such as missing value
imputations and one hot encoding). Data is analyzed for
visualization and insight purposes. ML explorations for QSAR
development: various ML models were explored, from
regression and classifications algorithms to the construction
of a constrained BN based on expert judgment. Models are
trained and validated to reveal predictive performance metrics.
Rules extraction: finally, the quantitative intrinsic hazard
criteria (rules) applicable to the safety dimension of the
SSbD framework were extracted from the BN structure (Figure
2, right). From now on, in this manuscript, the interpretable
rules refer to the quantitative intrinsic hazard criteria.

This work demonstrates for the first time how QSAR models
in combination with FAIR data can support the development
and implementation of SSbD paradigm by supporting the
knowledge establishment for criteria definition.

2. EXPERIMENTAL SECTION

2.1. Data Collection. The data gathered for this study refers to
AgNFs,“vglich are currently under investigation as SSbD alter-

2.1.1. Silver NFs. Based on the intended application, data of two
alternative AgNFs coated with hydroxyethylcellulose (HEC), either as
powder form or suspended into a solution, are gathered. The powder
is intended for incorporation into cosmetics to provide functionalities
such as antimicrobial creams or lotions, while the solution is
incorporated into textiles as coating for increased antimicrobial/
antiviral eﬂiciency.”'34 In addition to the alternative AgNFs, reference
data are used to facilitate the NAM approach. Commission* mentions
the need of reference materials data for the validation of NAMs
derived from harmonized protocols. Below, we describe the NFs
along with their European Registry of Materials (ERM) identifiers
which guarantee that internal documentation can be later connected
to data and expertise for the particular NFs or variants®®

(1) ERM00000559: AgHEC water-based solution (AgHEC sol)
reduced from AgNO; solution by HEC catalyzed by sodium

https://doi.org/10.1021/acsanm.3c00173
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hydroxide (NaOH). From a sustainability perception, the one-
step synthesis process utilized is an environment-friendly, sol—
gel-based technology obtainable at room temperature”.

ERM00000552: Powder AgHEC (AgHEC pwd) is derived by
spray-freeze-drying the solution without affecting the organic
layer producing microparticles with highly porous nanostruc-
tures (final composition of 11% Ag and 89% wt HEC). Both
solution and powder contain a molar ratio of HEC/Ag = 5.5
and NaOH/Ag = 2.8.

(3) ERMO00000549: Reference uncoated material—Sigma-Aldrich
(Ag ref).

(4) ERMO00000548: Reference material coated with PVP—Sigma-
Aldrich (AgPVP ref) in a powder form.

(5) ERMO00000575: A variant AgHEC with a HEC/Ag: 6.4 and
NaOH/Ag: 1.4 molar ratio (AgHEC 6.4/1.4 sol) as a SSbD
alternative. Formulation obtained by tweaking two synthesis
parameters that affect the antimicrobial effectiveness (i)
concentration of HEC, acting as both reducing and chelating
agents, and (i) concentration of NaOH, acting as a catalyst.
Such reagents play a fundamental role in the nucleation and
growth processes, colloidal stability,’% and reduction of
metals,®” driving the formation of the non-aggregated NFs.

ERMO00000580: AgNFs with curcumin solution (AgCUR)
which is a proven antibacterial/antiviral phytocompound as a
SSbD alternative.*®

2

-

(6)

2.1.2. Input Features. It is of fundamental importance to define the
nanoscale features—nanodescriptors used in the QSAR modeling
since a subtle alteration may influence the output to be predicted (i.e.,
cellular viability). Nanodescriptors should reflect not only the
substance elemental composition but also other characteristics
requested by regulation when reporting a NF, for example, size
distribution and other morphological characterization such as crystal
structure.’” Moreover, nanodescriptors should reflect the influence of
the system (surrounding environment or experimental conditions) on
those properties. One can differentiate between system-independent
(intrinsic properties) and system-dependent (extrinsic properties)
nanodescriptors.*” In this study, both are considered. It is worth to
notice that the dataset solely refers to AgNFs, rendering those
descriptors collectively unique, acting as a fingerprint. This enables
NFs belongin% in the same elemental composition group to be
differentiated.” Commission® remarks the development of substance-
specific hazard assessments and the exploration of the determinants
that drive the toxicity.

2.1.2.1. System-Independent Nanodescriptors. Those descriptors
contain the (i) quantification of the atomic concentrations of
elemental compositions derived by X-ray photoelectron spectroscopy
(XPS) analysis, a technique for analyzing material’s surface
chemistry,*" (ii) core size and morphology by transmission electron
microscopy (TEM), and (3) crystallographic structure-related
information by X-ray diffraction analysis (XRD).*” System-dependent
nanodescriptors: a crucial aspect of NF toxicity exploration is their
characterization in relevant biological media since properties could
change in relation to the environment, influencing their cytotoxicity
potential. Therefore, NFs should be characterized as pristine (system
independent) and as applied in biological fluids,**** which in this case
is the cell culture medium [Dulbecco’s modified Eagle’s medium
(DMEM) and 1% fetal bovine serum (FBS) with pH = 7, 2—7, and
4]. The nanodescriptors contain particle’s hydrodynamic size (z-
average and peak maximum value) and polydispersity indexes (PdI),
which represent the sample’s heterogeneity, derived from dynamic
light scattering (DLS). DLS analysis is recommended from the ISO
standard’ and from the OECD’s Working Party on Manufactured
Nanomaterials (WPMN) testing programme’. Since DLS measure-
ments of size distribution depend on sample dispersion, PdI should be
considered.** PdI values vary from 0.01 to 0.5—0.7 (monodispersed
particles) and PdI >0.7 (broad particle size distribution).*® Moreover,
size distribution could change at time 0 (%)) and the time after in vitro
exposure (in our case 24 h, for cell viability assessment, t,,). To
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account for alterations of properties in time,"’ we considered
measurements (hydrodynamic size and Pdls) performed at t, and t,,

2.1.2.2. Biological Attributes. The criteria definition in the SSbD
framework was based on hazard categories established within the CLP
[no. 1272/2008 (EU, 2008)] and REACH (no. 1907/2006 (EU,
2006)] regulations containing carcinogenicity, reproductive toxicity,
target organ toxicity, and so forth. However, those endpoints are
assessed with in vivo testing. In our case, the in vitro lines represent
different target organs, alveolar lung cells (AS49, human adenocarci-
noma), and intestinal (HCT-116, human colon carcinoma) at a
cellular level of biological representation. The cell lines represent
different exposure routes, that is, inhalation and ingestion. Inhalation
is a major route of human exposure to airborne NFs, and it may occur
at workplaces, and AS549 cells are a well-established line used for
inhalation toxicological testing,48 including AgNFs.49 Ingestion is
another important route of exposure,”’ and with regard to intestinal
exposure, ingested NFs pass through various environments before
reaching the intestinal cells, such as saliva, gastric, and intestinal
fluids.>">* Due to the complex nature of these fluids such as acidic
conditions, the presence of salts and biomolecules, the pchem
properties of NFs could be altered before, during, and after passing
the gastrointestinal tract, affecting their bioactivity.”>** To mimic the
fate of NFs, simulated digestive fluids were prepared based on ref 55,
and NF preparation in simulated digestion cascade was performed
according to ref 56. Finally, digested and non-digested NFs were
exposed to HCT-116 cells, a well-accepted model for testing NF
intestinal cytotoxicity.””

2.1.2.3. Outcome and Exposure Conditions. Hazard evaluation
was performed via cytotoxic measurements based on cell viability, a
means to a preliminary hazard screening in a quick, cheap, and
efficient manner.*® Several in vitro assays are available to assess cell
viability, including the 3-(4,5-dimethylthiazol-2-yl)-2,S-diphenyltetra-
zolium bromide (MTT), Alamar blue, and WST-1 tests, which are
rapid, high-throughput, and low-cost assays.”” The cell viability for the
lung cells (%) was estimated with MTT and Alamar blue protocols
(1S010993-5:2009) at various concentrations (0.1—100 ppm). MTT
is used in several ISO standards (ISO10993-5:2009) and OECD test
guidelines (OECD 431, 439, 492). The inclusion of the different
assays as output-related features is also relevant since NFs could
interfere with the tests and the final outcome.®®" Intestinal cells are
exposed with either digested or non-digested AgNFs at concentrations
ranging from 1.25 to 100 ppm with the WST-1 assay. All experiments
refer to a 24 h duration of exposure.

2.2. Dataset. 2.2.1. Dataset Curation. The three different
datasets are as follows: toxicological attributes in (i) lung and (ii)
intestinal cell lines along with system-dependent features and (iii)
system-independent pchem properties were merged. Each row
represents one set of experimental testing conditions and related
system-dependent nanodescriptors based on the exposure dose and
NF pre-treatment (for intestinal assessments). The system-independ-
ent inputs are NF specific and independent of experimental
conditions. Data is captured via FAIR principles where the reader
can find the origin (institution) of each data, the responsible data
creators (experimentalists), the raw measurements, the protocols
followed, and the instrumentations used for each experiment. More
information regarding the worksheet used for data capturing can be
found here.®

2.2.2. Data Preprocessing. Missing value imputation methodology
is commonly used for ML studies since it is a basic assumption that
(i) certain relationship exists between the different attributes and (ii)
missing value fill-in is a learning process.”> Missing value imputation:
for the missing values of system-dependent nanodescriptors,
imputation was performed by linearly interpolating data in cases
where the corresponding variable was known in a smaller and larger
dose; for example, if the hydrodynamic size at t, was known for a 10
and 50 ppm solution, interpolation for the 20 and 40 ppm solution
was feasible (neighboring points according to the corresponding
values). The cases above and below those known values were left
blank. The missing value interpolation was performed on a dose, cell
line, and NF’s pretreatment-reliant manner. Meaning, if the
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hydrodynamic size at a 50 ppm solution for one specific digested NF
was known, the same value did not apply for the non-digested NFs at
the same S0 ppm solution. In this manner, we kept the missing value
imputation uncertainty at minimum levels. For the system-
independent missing values and for the ones left blank from the
interpolation, an iterative sequential imputation process was executed
via regression with the Light Gradient Boosting Machine (lightgbm)
algorithm.® Each feature is modeled as a function of the other
features, allowing prior values to be used into predicting subsequent
features. The dataset with the ML-based imputed values can be found
in the supplementary material (Supporting Information: tab v01 in
the excel). It is worth to notice that during the ML imputation, the
ERM codes of the NFs were left in the dataset (dropped after for
modeling) since it is the only feature that distinguishes the dataset
into fragments, greatly easing the lightgbm algorithm with targeted
imputations, lowering the uncertainties.

2.2.2.1. One Hot Encoding. One hot encoding was performed on
the categorical attributes for the ML regression models and the BNs.
This technique converts categorical features into numerical dummy
variables with values 0/1 indicating the absence or presence of the
originally feature.**

2.2.2.2. SMOTE. For the ML classifiers and BNs, the outcome was
discretized into three classes: safe, toxic, and very toxic depending on
the corresponding values of cell viability. A challenge in the criteria
development is the threshold definition for deciding when a material
is deemed safe." The lower the viability value, the higher the cytotoxic
potential. Thus, safe were the data points with cell viability >70%,
toxic where the viability ranged from 30 to 70% in a precautionary
manner, and very toxic where the viability was <30% (1SO10993-S).
However, discretizing the outcome leads to unbalanced classes. To
address this issue, we adjusted the relative frequency of the instances
by applying SMOTE (synthetic minority oversampling technique), a
supervised algorithm that uses the k-nearest neighbors algorithm in
the training set (80%) to oversample minority instances.®

2.2.2.3. Discretization. In the case of BNs, a quantile-based
discretization function was performed on the numerical inputs to
discretize them into three equal-sized bins to facilitate the
interpretation of the rules. Instead of utilizing the actual numeric
edges of the bins, the function defines the bins using percentiles based
on the data distribution.

2.2.3. Data Analysis and Visualization. 2.2.3.1. UMAP and
MAPPER. Uniform manifold approximation and projection (UMAP),
like principal component analysis methodology, is a dimension
reduction technique for 3D data structure visualization. UMAP is
constructed from a theoretical framework based in Riemannian
geometry and algebraic topology.“ Prior to patching together their
local fuzzy simplicial set representations, it first builds a topological
representation of the high-dimensional data with local manifold
approximations.”” Similarly, the Mapper algorithm was used for
visualization purposes, a method for extracting simple descriptions of
the dataset in the forms of simplicial complexes.”® The methodology
is qualitative based on topological ideas and on partial clustering
guided by a set of functions defined on the min—max scaled data.
Mapper is essentially providing a simplified version of the UMAP
scatterplot via topology.69

2.2.3.2. Correlation. Spearman’s was performed on numerical—
numerical correlations which ranks correlation coefficient (p) as a
measure of monotonic correlation between —1 and +1, where —1
indicates the negative correlation, 0 denotes the absence of
association, and 1 shows the positive correlation.”’ Cramér’s V, an
association measure for categorical variables,”' was utilized for
numerical—categorical and categorical—categorical features with
coefficients ranging from 0 to 1, with 0 denoting independence and
1 indicating perfect correlation.

2.3. QSAR Development. 2.3.1. ML Exploration. Several QSAR
models were developed exploring various ML algorithms via PyCaret,
a low-code AutoML-augmented Data Pipeline library implemented in
Python version 3.7.”> Regression algorithms include lightgbm,
random forest regressor (rfr), extra trees regressor (etr), Lasso
regression (lasso), elastic net (en), linear regression (Ir), AdaBoost
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regressor (ada), and so forth; classification algorithms include
gradient boosting classifier (gbc), random forest classifier (rf), extra
trees classifier (et), decision tree classifier (dt), ridge classifier (ridge),
linear discriminant analysis (Ida), and so forth. All models are trained
with a randomly split sample containing 80% of the initial dataset,
with 20% withheld for an out-of-sample validation.

2.3.2. BNs and Rules Extraction. BNs are directed acyclic graphical
models where features are nodes and connections are arrows, each of
which denotes a conditional reliance of a child to a parent node. The
Bayes’ rule updates the probabilities in light of new data, and the
network as a whole represents the joint probability distribution of
features.”>””® The probability distribution of all nodes is specified by
the artifact of all CPTs in the BN model. For the development of the
BN structure and the CPTs, we utilized an open source ML package
for probabilistic modeling in Python, pomegranate./6 We initialized
the BN structure development in a two-fold manner. First, the optimal
unconstrained structure was built on the basis of the exact algorithm
with knowledge learned directly from data without interference.
Second, the structure was then refined by guidance upon expert
judgment and inclusion of enforced expected dependencies.”” The
BN constructed in this manner encodes the expert’s reasoning process
and allows the system to explain the inference through interpretable
rules. 278

Structure learning and rules extraction are independent with the
latter being described as an explainability method.”” Each rule is
followed with a certainty factor (CF), which is the likelihood ratio for
and against an outcome (T) when presented with evidence (X): that
is, IF (X = 0) THEN T = 0 with CF = 0.25. By adding CF to rules, we
reveal model’s uncertainty in the nanosafety domain.”>

2.3.3. Models Validation. QSAR models were validated based on
the OECD guiding principles, containing a defined endpoint
(biological effect can be measured and modeled, i.e. cellular
viability); unambiguous algorithms and measurements of goodness-
of-fit, robustness (internal 10-fold cross-validation, 80%), and
predictivity (external validation, 20%).””*" Since the focus of this
study is QSAR based on the BN algorithm, the domain of applicability
is defined solely for this case. Regression QSAR models were validated
with various performance metrics such as the mean absolute error
(MAE), which is the mean value of individual prediction errors over
all instances, root-mean-square error (RMSE), the standard deviation
of residuals (prediction errors), and the coefficient of determination
(R*) that measures how well a model predicts an outcome.
Classification QSAR models and BNs were validated via multiclass
classification metrics®' such as balanced accuracy (overall measure of
correctly predicted instances with classes having the same weight),
precision (true negative rate or speciﬁcity), recall (true positive rate or
sensitivity), F1 score (weighted average of precision and recall), and
Mathews correlation coefficient (MCC), a metric that accounts all
confusion matrix categories. In the case of multiclass outcome, those
metrics are calculated per class, for example, the metrics for the toxic
class consider toxic as true and the union of the remaining classes as
false.

3. RESULTS

3.1. Data Merging and Pre-processing. Table 1 shows
the information related to the nanodescriptors and toxico-
logical data. System-independent variables contain information
derived by XPS, TEM, and XRD analysis. System-dependent
variables contain DLS measurements in two different times.
The toxicological data contain information related to (1) in
vitro characteristics such as the cell line exposed, the cell type,
cell origin, and cell number; (2) exposure conditions such as
the exposure dose and duration; and (3) output-related
information such as the assay for the cellular viability
determination. The FAIR dataset is enriched and annotated
with information of the origin of the data, the protocols, and
instrumentation and can be found in the Supporting
Information and in the open repository Zenodo”.
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Figure 3. UMAP for dimension reduction (left) and topological network representing the dataset (right). The axes coordinates of UMAP are
dimensionless representing an Euclidean space with points distributed so that the low dimensional representation has a similar topological structure
to the original data. 3D visualizations of the dataset with respect to viability are colored by a scaled order of viability.
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and output.

3.2. Data Analysis. In Figure 3, UMAP and Mapper
topological network projecting data into lower dimensional
spaces demonstrating the structure of the data. Even with
missing value imputations, the experimental data are quite
sparse with relatively low variance, with the local dimension
varying across the data and the dataset uniformly distributed
on the Riemannian manifold (Figure 3, left). This was
expected since the dataset contains (i) triplicates of
toxicological experiments (rows with identical inputs but
different outcomes) and (ii) rows where the only feature
varying is the exposure dose or the assay. UMAP places related
experiments near to one another with the color differentiating
the 3D experimental space based on cellular viability-scaled
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values. The gaps between the points signify the experiments
that could have been hypothetically performed.

Data are projected into a two low-dimensional simplicial
complex with the Mapper algorithm inclosing clusters varying
by color and size containing cubes (Figure 3, right). The color
indicates the value of the function at a representative point
(cell viability), and the size indicates the number of dots in the
set (experiments), providing information about the nature of
the output.”® Each dot belongs to a rule/criteria (cube) and
finding the input’s association of the cubes within the cluster
provides the output.

The pairwise correlation among the features based on
Spearman’s p for the numeric features and based on Cramer’s
V for the categorial relationships is shown in Figure 4.

https://doi.org/10.1021/acsanm.3c00173
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The output (viability expressed either as % or multiclass)
shows no correlation with input features. The NFs (ERM
identifiers) which are utilized during missing value imputation
with the lightgbm algorithm shows high correlation with nearly
half of the features in the dataset. Thus, including it during the
imputation helped the algorithm to efficiently allocate missing
values. Crystallinity is correlated with the C 1s atomic
concentration, while Ag 3d atomic concentration is correlated
with the core size, coating, and surface area of NFs. The
average crystallite sizes are correlated with the coating along
with other features such as the C 1s atomic concentration. This
information is useful for the reasoning construction of the BN
structure since some correlation among features is required.
Negative linear correlation is shown among O 1s with Ag 3d
and C 1s atomic concentrations (see Supporting Information
Figure S1: Pearson r correlation). The cell line is highly
correlated with the organ, multiwell, assay, and the hydro-
dynamic size at t,,. Thus, we kept only the cell line as a final
feature to be used in the modeling part since it encapsulates
the information regarding the organ. Such input features would
be valuable in case of diverse targeted organs to reveal any
target-specific toxicities. Assay is kept which includes
information of the multiwell used. Regarding the correlation
of the above-mentioned features with hydrodynamic size at t,,,
correlation does not signify causation, and this information is
not deemed redundant in our case. In BNs, determining the
conditional dependencies among the features goes beyond the
correlation concept revealing the causal effect grobabilities
among the features (Pearl’s ladder of causation).®

Table 2 shows the final modeling features along with their
skewness and the transformed bins for the BN training, which
also represent the applicability domain of the QSAR model.
Skewness quantifies distribution asymmetry, and values
between —2 and +2 are acceptable to demonstrate a normal
univariate distribution.*® All features show good skewness
except hydrodynamic size at t,, However, the feature is
included since it contributes greatly to the information gain
analysis of the dataset (see Supporting Information Table S1:
attribute selection). All the experiments refer to a 24 h acute in
vitro toxicological screening, thus from the exposure
conditions, only the exposure dose was considered. Na 1s
and N 1s atomic concentrations were not considered for the
modeling due to redundant zero vales and the fact that those
features are related to the synthesis process and precursors
utilized and have no causal effect to hazard effects.

3.3. QSAR Development and Validation. 3.3.7. ML
Exploration. QSAR models trained either as regression or
classification ML tasks are able to predict cellular viability with
satisfactory results. Table 3 shows the top three regressor and
classifier algorithm’s external performance metrics. Random
forest regressor (rf) slightly outperforms the other regressors
achieving R* = 0.7, MAE = 12.77, and RMSE = 19.55. Extra
trees classifier (et) faintly outperforms rf, reaching a balanced
accuracy of 85%, a F1 score (a harmonized metric including
precision and recall) of ~85%, and a MCC of 77%. Additional
algorithms with their internal 10-fold cross-validation, hyper-
parameterization, and external performance metrics can be
found in the Supporting Information (Tables S2—SS: addi-
tional algorithms’ validation metrics).

3.3.2. BNs and Rules Extraction. For the development of
the constrained reasoned structured network, expert judgment
was applied to conditional dependencies. Some alterations of
arcs include polydispersity index t,, and hydrodynamic size t,,
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Table 2. Features in the Final Dataset for Modeling
Purposes”

input features metric  skewness  bins [for the BN structure training]
O 1s_Atomic % 0.78 “low”: [14.16 — 14.54], “medium”:
[14.54 — 34.02], “high”: >34.02
Ag 3d_Atomic % —0.21 “low”: [0.08 — 0.19], “medium”:
[0.19 — 15.53], “high”: >15.53
C 1s_Atomic % -0.19 “low”: [54.23 — 60.61], “medium”:
[60.61— 61.83], “high”: >61.83
core size nm 0.60 “low”: [7.0 — 17.8], “medium”:
[17.8 — 20.00], “high”: >20.00
spherical surface N m? 1.03 “low”: [3981.53 — 3981.59],
area “medium”: [3981.59— 5023.55],
“high”: >5023.55
crystallinity % 1.61 “low”: [22.9 — 60.0], “medium”:
[60.0 — 61.0], “high”: >61.0
av crystallite nm 035 “low”: [46.0 > 98.0], “medium”:
sizes [98.0 — 117.0], “high™ >117.0
coating HEC, PVP, CUR, none (one hot
encoded)
hydrodynamic nm 1.79 “low”: [55.91 — 209.97], “medium”:
size £, [209.97 — 363.31], “high”:
>363.31
hydrodynamic nm 2.67 “low”: [63.74 — 149.34], “medium”:
size ty [149.34— 266.90], “high”: >266.90
pol index t, —0.72 “low”: [0.18 = 0.47], “medium”:
[0.47 > 0.59], “high”: >0.59
pol index t,, 0.31 “low”: [0.04 — 0.28], “medium”:
[0.28 — 0.49], “high”: >0.49
cell line A549, HCT-116 (one hot encoded)
exposure dose ppm 0.32 “low”: [0.0 — 20.0], “medium”:
[20.0> 58.35], “high”: >58.35
assay WST-1, MTT, Alamar blue (one hot
encoded)
output feature metric skewness  bins [for the BNs structure training]
cellular viability % —0.28 very toxic [0 — 30.0%], toxic

[30.0 — 70.0%], safe >70%

“900 rows transformed into the final dataset of 1682 rows through
SMOTE implementation for the classification modeling and BNs. The
bins also demonstrate the applicability domain of the QSAR model
based on BN algorithm in which the model makes predictions with a
given reliability.

Table 3. Performance Metrics (External Validation/
Predictivity with 20% of the Dataset) for the Top Three
Regressors and Classifiers

performance metrics

task models MAE  RMSE R
regression rfr random forest 12.77 19.55 070
regressor
lightgbm  light gradient 1291 19.71 0.70
boosting
machine
gbr gradient 1417 2018 068
boosting
regressor
ACC F1 MCC
classification et extra trees 0.85 0.85 0.77
classifier
of random forest 0.84 0.84 0.77
classifier
lightgbm  light gradient 0.84 0.83 0.76
boosting
machine

where t,, features were parents to exposure dose in the
unconstrained structure (see Supporting Information Figure
S2: unconstrained BN structure); however, such a dependency
is not realistic; that is, the external exposure dose cannot be
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Figure S. Graphical structure of the constrained BN representing the variables (input features and toxicological attributes) along with the
conditional probabilities. Arcs represent the conditional dependencies between the features. The different color represents the categories of the
input features containing system-dependent and system-independent pchem properties measured with different protocols, biological attributes (in

vitro characteristics), and exposure conditions.
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Figure 6. External validation metrics containing precision (PREC), recall (REC), and F1 score and balanced accuracy (ACC) per class label of the

constrained structure (A) and the unconstrained structure (B).

determined by the hydrodynamic size; however, the exposure
dose did fed the cell viability node, which is kept in the
constrained structure, eliminating the other relationships. The
exposure dose was forced to act as an independent global
parameter”* (see Figure 5, node: exposure dose, color gray).
The same reasoning was applied for the assay, which affects the
output to be predicted. Coating is fed by the core size in the
unconstrained structure, but knowing the coating has no effect
on predicting the core size; instead, the coating feature
determines the surface area and the Ag 3d atomic
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concentration in the case of uncoated AgNFs. Polydispersity
index at t, appeared at the end of the structure with
hydrodynamic size at t;, and the cell line feeding it. Thus,
one constrain included in the structure was that the output
should be the only feature receiving prior knowledge at the
terminate point. Core size fed many nodes in the uncon-
strained structure, and the pattern was kept in the constrain as
well. Features measured at t, should act like parents to features
at t,, and not vice versa (see Figure S, system media
dependent, color blue). The constrained structure follows a
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reasoning pathway of scale information starting from a higher
level such as coating to — structure level — to atomic system-
independent properties, while the system-dependent features
are fed by medium information encapsulated within the cell
line. With the above manipulations of the conditional
dependencies based on expert judgment, the constrained
model displayed slightly higher predictive capacity for some
classes, but most importantly, the structure has reasoning, in
order for the rules to make sense.

Exploring the Weka software for automated BN construction
(estimator: simple, a = 0.5, search algorithm: local hill climber,
six parents limit configuration), the unconstrained structure
also demonstrated the exposure dose, hydrodynamic size at t,,,
core size, and assay being connected to the outcome,
reinforcing the reasoning on some arcs (see Supporting
Information Figure S3: unconstrained Bayesian structure
derived from WEKA software).

Figure 6 demonstrates the external validation results of the
QSAR BN-based model tested with the 20% test set. The
metrics are quite similar for both structures. However, we
demonstrate that even with constrains, the predictability of the
BNs is slightly increased (MCC for unconstrained: 62% vs
constrained 67%, data not shown in figure since MCC
considers all classes into a single metric).

The focus on the validation was to surpass the performance
for the very toxic instances from the structure learned with no
reasoning. The constrain model has higher performance
metrics for the very toxic instances. This is significant
especially in the case of the high recall (REC: 85% constrained
vs 81% unconstrained), meaning a false negative instance (safe
or toxic) rarely gets predicted instead of very toxic. The BN
performed better also for safe instances (PREC: 77%
constrained vs 73% unconstrained). Regarding the toxic
instances, the constrained BN scores 69% ACC (vs 61%
unconstrained).

3.3.2.1. Rules Extraction. The extraction of the interpretable
rules related to the quantitative intrinsic hazard properties of
AgNFs was filtered down to the cases where the hazard class
was present and with the highest CF as an example. For the
theoretical scenarios where the input ranges fall outside those
given rules (or the ones provided in the Supporting
Information, Section 4: extra rules), Bayesian inference (or
the regressors/classifiers) can be used to determine the hazard
class with a given CF. The higher the CF, the higher the
posterior probability of that statement/rule to be true. Infinite
confidence probabilities, an instance that occurs due to a
divide-by-zero runtime exception when comparing the like-
lihood of events with no counterexamples, were discarded.

The following rules are mentioned based on the BN
structure’s CPTs solely as examples, where L denotes low, M
medium, H high values in the representative bins (see Table
2), and the logical symbol for and:

(1) Quantitative intrinsic hazard criteria for lung cells
(under MTT assay)

IF (crystallinity) M(60 — 615c0re size = M(18 —
205spherical surface area = M(3982 — 50265Ag 3d at. % =
M(0.2 - 155hydrodynamic size t,; = L(64 — 149) THEN
AgNFs are toxic if tested under low (0.0 — 58) dose with an
average 0.82 probability.

IF (crystallinity) = H(>615core size = L(7 — 185spherical
surface area = L(3981.53 — 3981.595Ag 3d at. % = L(0.08 —
0.25hydrodynamic size t,, = L(64 — 149) THEN AgNFs are
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safe if tested under low (0.0 > S8) dose with an average 0.81
probability.

(2) Quantitative intrinsic hazard criteria for lung cells
(under Alamar blue assay)

IF (crystallinity) = L(23 — 605c0re size L(7 —»
1855pherical surface area = M(3982 — 50265Ag 3d at. % =
L(0.08 — 0.2Jhydrodynamic size t,, = M(149 — 267) OR.

IF (crystallinity) = H(>615core size = L(7 - ISSSpherical
surface area = L(3981.53 — 3981,595Ag 3d at. % = L(0.08 —
0.25hydrodynamic size t,, = L(64 — 149) THEN AgNFs are
very toxic if tested under low dose (0 — 20) or medium dose
(20 — 58), respectively, with a 0.87 probability (CF = 6.7).

(3) Quantitative intrinsic hazard criteria for intestinal cells
(under WST-1 assay)

IF (crystallinity) = L(23 — 60jcore size = L(7 —
185spherica1 surface area = M(3982 — 50265Ag 3d at. % =
L(0.08 — 0.2Jhydrodynamic size t,, = M(149 — 267) THEN
AgNFs are safe if tested under any exposure range with an
average 0.87 probability (CF = 35).

The rules mentioned are only a sub-part of all the rules and
serve as an technical extract example of the model that can be
used as a formula, ad hoc. The structure of the BN contains the
decision structure and the rules within—a total of rules
extracted from this case is ~150.

4. DISCUSSION

4.1. Data. For the moment, a great amount of information
produced by H2020 projects is stored online in private servers,
locked to external users, making the data re-usability
unfeasible, hindering progress and data integration, especially
for modeling purposes.*> Commmission” remarks that research
and innovation are needed in open platforms to ensure access
and data integration from different databases enabling
exchanges between different stakeholders in line with data
governance acts, meaning an overarching level." Metadata
capturing is not frequently promoted in regular academic
practice, despite its importance. This is due to a lack of data
management training. This FAIR challenge requires the active
involvement, participation, and collaboration of participants
with different expertise. In this work, we used data captured by
the data shepherd,® which demonstrates that this role is
essential in a project where data are generated, modeled, and
used.® The role of the shepherd is to capture data, protocols,
and instrumentations and to help with data reporting, merging,
and harmonization. The most important part of this role is the
implementation of the FAIRification process with multiple
stakeholders who are unaccustomed with the notion of
FAIRification process.” '® It is outside of the scope of this
manuscript to provide details regarding the FAIR initiatives
and the efforts in place in the EU. The reader can refer to the
following footnotes”” to get an appreciation of the current
initiatives regarding FAIR data.

The size of the dataset used in this study is not remarkable
(in comparison to common experimental computer science
fields), but in comparison to the dataset sizes used in the
nanocomputational domain literature, the data size is
sufficiently large."® To tackle this sparsity, the approach in
this work is twofold, the data is augmented by a standard
method to oversample sparse data with SMOTE leading to
1682 data points and by applying BN ML algorithm, which is a
robust learning paradigm in the sparse data regime. In
addition, the interoperability of data is high due to the
annotation with ontological identifiers from eNanoMapper and
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with ERM identifiers which ensure that internal project
documentation can later be linked to released data for specific
NFs.*® The dataset contains harmonized features derived from
different laboratories; for example, the system-dependent
properties reported in the toxicological datasets were similar
across the two partners, greatly facilitating the merging. By
capturing the measurements at two time points, we were able
to account for variations that might occur to the size when
dispersed and once when in contact with cellular medium.*” By
incorporating the polydispersity index, we increases the quality
of the measurements and consequently the modeling.*> The
data is targeting cellular viability, which is the majority of the
re-usable data that exist in the literature and databases,””**
implying a potentiality of further merging. Also, exposure
conditions and in vitro characteristics are commonly
considered as input features.”” The exposure aspects are not
part of step 1—hazard assessment of the SSbD framework.® In
this work, we go a step further considering, besides the system
and non-system-dependent properties, also the in vitro
characteristics and exposure conditions to better represent
how those properties are altered depending on the dose and
the cellular target. We argue that inherently safer NFs should
be cell line (organ)-target specific; that is, NFs safe for skin
cells could be harmful for lung cells. Taking into account in
vitro features for the hazard criteria, we capture the dynamic
and complex nature of NFs when surrounded by a biological
environment.” In addition, from a toxicological point a view,
dose should be considered at each dimension. Including
exposure conditions increase the performance as this
information is always reported in in vitro studies but could
also reduce the biological accuracy by grouping this
information in a node of exposure features not readily
comparable; for example, exposure doses for different tissues
cannot be grouped. However, the nodes were included as
exposure criterion, which is a crucial variable in the hazard
notion.

4.2. Data Pre-processing. Commission® mentions the
need of improved methods to address missing data such as
ML-based methods. In this study, an iterative sequential
imputation process was executed via regression with the
lightgbm algorithm. Other techniques have been proposed
such as a hybrid missing data imputation method incorporating
records similarity using the global correlation structure by
using k-nearest neighbors and iterative imputation algorithms*®
or by merits integration of decision trees and fuzzy clustering
into an iterative learning approach.®”

A quantile-based discretization function was performed in
this study to discretize features into bins. For this step,
alternative methods have been proposed, for example,”®
introduced a dynamic programming search strategy and a
Bayesian score for the evaluation and the discretization of
variables.

UMAP places related experiments (each row of the dataset)
near to one another. Such an approach could hypothetically be
helpful to identify the experimentations that should be
prioritized during a project, in a data gap filling manner,
supporting the application of QSAR modeling. Since the axes
in UMAP are non-dimensional, input features could be used to
predict «x, y, z values. On a second step, a SHapley Additive
exPlanations (SHAP) analysis could reveal the most important
features determining the space and were experimentations
should focus.”” In addition, the dimensionality reduction
algorithms could be more interpretable only for some cases
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due to complexity.'® However, this field is under research, with
hyperparameter choice appearing to play an important role.

4.3. NAMs. QSAR models based on random forest (1f) and
extra tress (et) algorithms showed good validation metrics in
our study. Throughout the literature, rf has been shown to
surpass other algorithms.”*~"* Et algorithm generates a large
number of unpruned decision trees from the dataset and then
combines the predictions. Et similarly to rf randomly samples
the features at each split point. However, et splits the nodes by
selecting cut points randomly, in comparison to rf, and fits
each decision tree to the entire training dataset whose
structures are independent of the output values.”®

The theoretical framework from ref 3 and the recent report
by ref 4 both mention NAM approaches as helpful tools in the
implementation and validation of the SSbD approach, without
providing instructions. This study is a contribution of an
iterative consolidation of modeling and experimental domain
expertise. We demonstrate how experimentalists in conduc-
tions with modelers can act in a complementary manner,
accelerating the progress in the nanosafety domain. Bringing
the gaps between the three fields (toxicology, material
designers, and modelers) demanded strong communication,
interaction, while transferring experimental domain knowledge,
adopting a multidisciplinary approach.”* In this work, we
demonstrated in a detailed manner how QSAR tools based on
BNs coupled with expert judgment can be used for the
definition and extraction of quantitative intrinsic hazard
criteria. The same approach can be used in datasets targeting
different outputs.

The modeling approach is unique in some points: (i) the
BN model is crafted by expert reasoning integrating system-
dependent and -independent nanodescriptors in combination
with in vitro experimental conditions derived from a FAIR
process to predict a biological effect, (i) the data refer to NFs
that have the same chemical identity but a unique fingerprint
that allows a NF-dependent differentiation among the same
substance, (iii) the interpretable rules can guide material
developers into synthesizing (re-synthesizing) inherently safer
NFs, and (iv) the models (BN, regressors, and classifiers) can
enable the fast and cost-efficient in silico toxicological
screening of previously synthesized NFs and hypothetical
scenarios of yet-to be synthesized NFs. It is worth noting that
the methodology strongly improves given variables that
material designers have the most control over modifying in
the laboratory. For the development of the BN structure and
the CPTs, we utilized an open source ML package
pomegranate.7é Other packages for the implementation of
BN are documented.”

In the nanosafety, there are no clear understandings of causal
relations among nanodescriptors and hazardous attributes,
only statistical relevance information. Such relevance is
insufficient to fully capture causal relations. This means that
any explanation proven wrong may have to be prohibited
within the structure.”® The BNs can perform an incremental
learning, meaning, as more data become available in the
nanosafety domain, the existing structure can remain the same,
or updated to novel modifications of parameters (inclusion of
additional nanodescriptors or hazard endpoints), and even a
new structure, to fit the new data.”” The BN can also perform
with multiple outcomes, rendering it an optimum solution in
the case of multiple hazard criteria’® while also providing a
robust learning paradigm in the sparse data regime.”” The
extraction of the rules from the CPTs is performed with the

https://doi.org/10.1021/acsanm.3c00173
ACS Appl. Nano Mater. 2023, 6, 3948—3962


www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c00173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

aim to extract quantitative intrinsic hazard design criteria that
can be used in SSbD paradigms. The interpretable rules can act
in a hierarchic manner, meaning that the last descriptors have
to be measured only if the previous IF statements are met.
Identifying quantitative criteria to address the SSbD multi-
criteria decision problem is one of the most significant goals
where collective robust efforts are currently placed. The rules
are followed with CFs, which is the likelihood ratio for and
against an outcome when presented with evidence, as a means
of expressing domain knowledge and creating expert systems
that can take into account quantitative uncertainties. The
quantifiable CFs for each rule deliver a convenient system to
manage uncertainties in a criteria-based framework. As a result,
such a rule-based system will have practical ways to elicit
expert knowledge and clearly communicate the reasoning
process. This methodology proposed entails a flexible,
nuanced, and promising approach applicable at each SSbD
dimension with a goal to extract a set of quantitative criteria in
a data-driven manner.

5. CONCLUSIONS

Collaborative efforts are required among data shepherds,
experimentalists, experts, and modelers to merge information
in an iterative manner that can reveal valuable information for
each SSbD dimension. BNs are promising probabilistic ML
tools helpful to (i) derive interpretable rules from FAIR data,
(ii) capable and flexible in updating their conditional
dependencies from new data while (iii) allowing the
quantification of the uncertainties. In addition, they present
graphical structures developed from expert reasoning in
combination with automated inference. In this work, utilizing
system (i.e., hydrodynamic size and polydispersity index) and
non-system (i.e., elemental composition and core size)-
dependent nanodescriptors in combination with biological in
vitro attributes and experimental conditions, we demonstrate
how such a methodology can be used for extracting
quantitative intrinsic hazard criteria for silver NFs, synthesized
with the intend of antimicrobial/antiviral functional textiles
and antimicrobial creams or lotions (cosmetics) applications,
which can guide materials designers toward intrinsically safer
materials while saving time, effort, and money for the
toxicologists.
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Experimental Section

1 Data Preprocessing

1.1 Attribute selection

Information gain analysis of the training dataset (80%) based on average impurity decrease (and
number of nodes using that attribute). Search Method: Attribute ranking. Attribute Evaluator
(supervised, Class (nominal): 16 viability): Information Gain Ranking Filter. Selected
attributes: 9,11,10,12,13,6,3,7,2,4,8,5,1,15,14.

Table S1- Attribute Selection.

Information Gain

Ranked attributes
0.656963 9 Hydro size t0 nm
0.647354 11 Hydro size t24 nm
0.582135 10 PI t0
0.573924 12 PI t24
0.565378 13 Exposure dose PPM
0.153672 6 O 1s_Concent %
0.153672 3 Aver crystallite sizes nm
0.153672 7 Ag 3d Concent %
0.153672 2 Crystallinity %
0.150748 4 Core size
0.146015 8 C 1s_Concent %
0.107264 5 Spherical surface Area nm"2 TEM
0.098697 1 Coating
0.069231 15 Assay

0.00051 14 Cell line




1.2 Correlation Analysis

The Pearson's correlation coefficient (r) is a measure of linear correlation between two
variables. It's value lies between -1 and +1, -1 indicating total negative linear correlation, 0
indicating no linear correlation and 1 indicating total positive linear correlation. Furthermore, r
is invariant under separate changes in location and scale of the two variables, implying that for
a linear function the angle to the x-axis does not affect r.
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Aver crystallite sizes
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Core size
Spher surface Area 0.50
Na 1s atomic conc
O1s atomic conc - 025
Ag3d atomic conc
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Figure S1- Pearson r correlation.
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2 QSAR development and Validation

2.1 Regression algorithms

QSAR models trained either as regression or classification ML tasks, are able to predict cellular
viability with satisfactory results. Additional algorithms with their internal 10-fold cross
validation, hyper parameterization and external performance metrics.

Table S2- Additional regression algorithms external predictivity performances metrics.
Regression algorithms are derived from PyCaret library.

Model MAE MSE RMSE R2 RMSLE MAPE TT (Sec)
f Random Forest Regressor 1.277600e+01 3.874638e+02 1.955080e+01  7.053000e-01 0.8154 3.369500e+00 1.657

lightgbm Light Gradient Boosting Machine 1.291420e+01 3.952788e+02 1.971850e+01  7.000000e-01 0.8147 3.268300e+00 0.212

gbr Gradient Boosting Regressor  1.417130e+01 4.120250e+02 2.018230e+01  6.875000e-01 0.8601 3.445100e+00 0.406
et Extra Trees Regressor 1.265830e+01 4.220538e+02 2.035510e+01  6.784000e-01 0.8292 3.334900e+00 1.123
dt Decision Tree Regressor 1.352500e+01 5.156505e+02 2.256230e+01 6.064000e-01 0.8843 3.324700e+00 0.046
ada AdaBoost Regressor 1.757810e+01 5.262554e+02 2.292110e+01  6.010000e-01 0.9418 3.740200e+00 0.073
ridge Ridge Regression 1.752050e+01 5.373334e+02 2.310810e+01  5.924000e-01 1.0021 3.595300e+00 0.053
br Bayesian Ridge 1.767000e+01 5.426961e+02 2.322050e+01  5.885000e-01 1.0093 3.674800e+00 0.046
lasso Lasso Regression 1.846020e+01 5.711001e+02 2.382630e+01  5.681000e-01 1.0228 3.890700e+00 0.075
knn K Neighbors Regressor 1.627680e+01 5.909606e+02 2.424100e+01  5.548000e-01 0.9469 4.405700e+00 0.065
en Elastic Net 1.950880e+01 6.404212e+02 2.521680e+01 5.167000e-01 1.0267 4.475900e+00 0.090
omp Orthogonal Matching Pursuit 2.041900e+01 6.621426e+02 2.568250e+01  4.971000e-01 1.1234 4.110000e+00 0.036
Ir Linear Regression 1.915100e+01 6.833052e+02 2.563940e+01  4.862000e-01 1.0358 3.684100e+00 0.030
huber Huber Regressor 2.626660e+01 1.183424e+03 3.429290e+01  1.029000e-01 1.1137 4.961900e+00 0.307
lar Lasso Least Angle Regression 3.208570e+01 1.347116e+03 3.667230e+01 -1.860000e-02 1.3682 7.244700e+00 0.026
dummy Dummy Regressor 3.208570e+01 1.347116e+03 3.667230e+01 -1.860000e-02 1.3682 7.244700e+00 0.005

par Passive Aggressive Regressor 1.410491e+02 4.597176e+04 1.845018e+02 -3.388820e+01 2.0405 2.633870e+01 0.024

lar Least Angle Regression  7.576682e+08 6.058722e+20 8.153330e+09 -4.371112e+17 9.6370 6.391748e+08 0.053
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Table S3- Internal 10-fold validation of lightgbm regression algorithm (left) and
hyperparameters tuning (right) results.

MAE MSE RMSE R2 RMSLE MAPE MAE MSE RMSE R2 RMSLE MAPE

Fold Fold
0 13.0210 362.8833 19.0495 0.6939 06374 1.0460 0 13.3310 361.6793 19.0179 06949 0.6262 1.1164
1 11.9836 327.1305 18.0867 0.7648 0.8972 3.2214 1 11.8613 307.3331 17.5309 0.7790 0.8991 3.0610
2 12.6223 386.5662 19.6613 0.6944 0.8521 3.2695 2 12.7953 397.2119 19.9302 0.6860 0.8678 3.1065
3 10.8628 231.2104 152056 0.8480 0.7137 1.5745 3 10.9606 243.4240 15.6021 0.8399 0.7172 1.5383
4 103974 268.6802 16.3915 0.8230 0.6744 1.3669 4 11.0776 283.5458 16.8388 0.8132 0.6833 1.3283
5 12.9043 472.9354 21.7471 06776 0.9504 3.6544 5 12.9984 429.9490 20.7352 0.7069 0.8982 3.3964
6 15.2028 610.9565 24.7175 0.5585 1.0391 4.9407 6 14.7015 523.7986 22.8866 0.6215 1.0192 4.5988
7 13.0543 378.5734 19.4570 0.7176 06915 1.4132 7 12.5535 337.8803 18.3815 0.7480 0.7090 1.3543
8 13.6376 406.4968 20.1618 0.6919 0.7040 2.4023 8 14.1569 434.6923 20.8493 06705 0.7560 2.5743
9 11.5706 355.9808 18.8675 0.7255 0.6983 1.9183 9 11.3882 328.3799 18.1213 0.7468 0.6792 1.8345
Mean 125257 380.1413 19.3345 07195 0.7858 2.4807 Mean 125824 364.7894 18.9894 0.7307 0.7855 2.3909
Std 1.3260 100.4592 2.5133 0.0768 0.1307 1.1909 Std 1.2079 78.8404 2.0477 0.0641 0.1206 1.0838

2.2 Classification algorithms

Table S4- Additional classification algorithms external predictivity performances metrics.
Classification algorithms are derived from PyCaret library.

Model Accuracy AUC Recall Prec. F1 Kappa MCC TT (Sec)
et Extra Trees Classifier 0.8530 09352 0.8503 0.8560 0.8527 0.7781 0.7798 1.120
rf Random Forest Classifier 0.8463 09489 0.8428 0.8503 0.8456 0.7678 0.7701 1.552

lightgbm Light Gradient Boosting Machine 0.8403 0.9478 0.8370 0.8439 0.8397 0.7586 0.7608 0.286

gbc Gradient Boosting Classifier 0.8267 0.9475 0.8221 0.8290 0.8253 0.7381 0.7403 0.749
dt Decision Tree Classifier 0.8199 0.8969 0.8157 0.8257 0.8195 0.7278 0.7307 0.020
knn K Neighbors Classifier 0.7757 09114 07728 0.7837 0.7761 0.6610 0.6637 0.057
ada Ada Boost Classifier 0.7367 0.8333 0.7359 0.7440 0.7377 0.6041 0.6061 0.183
Ida Linear Discriminant Analysis 0.6814 0.8585 06728 06813 06763 0.5189 0.5228 0.035
ridge Ridge Classifier 0.6602 0.0000 0.6457 006546 06377 0.4825 0.4961 0.030
Ir Logistic Regression 0.6380 0.8127 0.6294 0.6403 0.6296 0.4512 0.4580 0.815
nb Naive Bayes 0.5718 0.7754 0.5762 0.5869 0.5709 0.3608 0.3660 0.019
svm SVM - Linear Kernel 0.4875 0.0000 0.4788 0.4683 0.4150 0.2233 0.2527 0.116

qda Quadratic Discriminant Analysis 0.3764 0.5000 0.3333 0.1417 0.2059 0.0000 0.0000 0.017
dummy Dummy Classifier 0.3764 0.5000 0.3333 0.1417 0.2059 0.0000 0.0000 0.012
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Table S5- Internal 10-fold validation of lightgbm classification algorithm (left) and
hyperparameters tuning (rvight) results.

Accuracy Pl S F1 Kappa Mee Accuracy AUC Recall Prec. F1 Kappa MCC
Fold Fold
= T T 0 07881 09275 07899 07995 0.7890 0.6824 0.6869
” G475 (65458 \DieiEA} 0IEsoT: GEAT7 G7is) (G 1 0.8475 09348 0.8471 08480 0.8471 07707 07713
2 07627 09353 0.7645 07637 07615 06442 06457 2 WIS WeREd BREs (HEED (AL (60 (G,
3 08136 09446 0.8086 08117 08081 07191 07229 2 Q:7627" 0:9365; (007580 §0:1984, 0:75907 0:5430] 00243
4 0.8644 09577 0.8625 08738 0.8660 07957 07990 a WEYS OEea) WEED GRS U0 W W70z
5 07627 09325 07616 0.7697 0.7645 0.6434 0.6447 3 0:7881) 0.9332] {07881 0.8017< 07917 016625] 0:6853
= 08475 09525 08449 08532 08479 07703 07727 6 0.8475 09463 0.8452 08548 0.8470 0.7705 07741
= AR PR Mmme W se S (i 7 0.8120 09300 0.8094 08110 0.8103 0.7174 07184
8 07863 09425 0.7863 0.7845 07848 06793 06798 S WERY QKD Q) OErE 0L Qs Qs
5 e 9 0.8547 09638 0.8542 08591 0.8560 0.7814 0.7822

Mean 08276 09486 08257 08305 08268 0.7407 0.7428 Mean 08106 09398 0.8095 08148 0.8106 0.7154 0.7172

std 00411 00108 00401 00420 00412 0.0615 0.0620 St 0.0267 (0.01161 10:0290 §0.0235k:0:0231 0.0430} 0:0428




3 Bayesian Network Structure Learning

3.1 Unconstrained— Python

For the development of the constrained reasoned structured network , expert judgment was
applied to conditional dependencies. Some alterations of arcs include: Polydispersity index t24
and hydrodynamic size t0,t24 features were parents to exposure dose in the unconstrained
structure built with the exact algorithm and no constraints in the parents relationships, however
such a dependency is not realistic i.e., the external exposure dose can not be determined by the
hydrodynamic size; However, the exposure dose did fed the cell viability node, which is kept

in the constrained structure, eliminating the other relationships.
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Figure S2- Unconstrained Bayesian Network Structure.
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3.2 Unconstrained— Weka

Exploring the Weka software for automated BN construction (estimator: simple, a=0.5, search
algorithm: local hill climber, six parents limit configuration), the unconstrained structure also
demonstrated the exposure dose, hydrodynamic size at t24, core size and assay being connected
to the outcome, reinforcing the reasoning on some arcs.

P

Figure $3- Unconstrained Bayesian structure derived from WEKA software (estimator: simple,
a=0.5, search algorithm: local hill climber, six parents limit configuration).

Unconstrained Bayesian Network — Weka - Cross validation metrics

=== Stratified cross-validation === [all dataset]
Correctly Classified Instances 1324 78.7158 %
Incorrectly Classified Instances 358 21.2842 %
Total Number of Instances 1682
=== Detailed Accuracy By Class ===
TP FP Prec Rec F-1 MCC ROC PRC Class

0.852  0.12 0.774 0.852 0.811 0.715 0961 0.931 very_toxic

0854 0.131 0.785 0.854 0.818 0.711 0946 0.903 safe

0.645  0.07 0.809 0.645 0.718 0.615 0914 0.848 Toxic
Weighted Avg.  0.787 0.108 0.789  0.787 0.784 0.682 0.941 0.894

=== Confusion Matrix ===
a b ¢ <--classified as
465 32 49| a=very_toxic
56516 32| b=safe
80 109 343 | ¢ = Toxic



S-9

3.3 BN model Validation

Internal Cross validation metrics derived from the constrained BN structure from Python

precision recall fil-score support

Toxic 8.75 8.69 8.72 427

safe 0.80 9.79 8.79 492

very_toxic 0.80 .87 0.83 427

accuracy 8.78 1346

macro avg 8.78 8.78 8.78 1346

weighted avg 0.78 .78 9.78 1346
very_toxic
Acc: 0.8665

Acc (balanced): ©.8665

safe
Acc: ©.7886
Acc (balanced): ©.7886

Toxic
Acc: ©.6932
Acc (balanced): ©.6932

MCC: ©.6746025781279282

Figure S4- Internal cross validation (80% training data) performance metrics of the
constrained BN network.

4 Extra rules derived from the BN constrained structure

The extraction of the interpretable rules related to the quantitative intrinsic hazard properties of AgNFs,
was filtered down to the cases where the hazard class was present and with the highest certainty factors
(CF) as an example. The higher the CF the higher the posterior probability of that statement / rule to be
true. Infinite confidence probabilities, an instance that occurs due to a divide-by-zero runtime exception
when comparing the likelihood of events with no counterexamples, were discarded.

IF (Ag 3d atomic= High (> 15.53) ~ Hydro_size t0 nm = Medium (209.97 -> 363.31)

Cell line = A549) THEN (PI t24 = Low (0.04 -> 0.28)) 60 0.98

IF (Hydro_size t0 nm = Medium (209.97 -> 363.31) ~ PI t24 = Medium (0.28 ->

0.499763) ~ Cell line = A549) THEN (Hydro_size t24= Medium (149.34 -> 266.9)) 18
0.94

IF (Coating = HEC ™ Core size = Low (7.0 -> 17.8) ~ Hydro_size t24= Low (63.74 ->

149.34)) THEN (Spherical surface_Area_nm”™2 TEM = Low (3981.53 -> 3981.59))
16.690.94

IF (Ag 3d atomic= Low (0.08 -> 0.19) ~ PI t0 = Low (0.18 -> 0.47) " Cell line = A549)

THEN (Hydro_size t0_nm = Low (55.91 -> 209.97)) 13.5 0.93

IF (Coating = HEC " PI 124 = Medium (0.28 -> 0.49)) THEN (C Is_Concent % = Low

(54.23 -> 60.61)) 6.19 0.86
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IF (Ag 3d atomic= High (> 15.53) ™ Hydro _size t0 nm = High (> 363.315) " Cell line =

HCT-116) THEN (PI t24 = High (> 0.499763) 6 0.85

IF (Hydro_size t0_nm = Low (55.91 -> 209.97) " PI t24 = Low (0.04 -> 0.28) " Cell line

= A549) THEN (Hydro_size t24= Low (63.74 -> 149.34))  5.83 0.85

IF (Ag 3d atomic= High (> 15.53) ~ Hydro_size t0 nm = Medium (209.97 -> 363.31)

Cell line = HCT-116) THEN (PI _t24 = Medium (0.28 -> 0.499763) 5.61 0.84

IF (Ag 3d atomic= Low (0.08 -> 0.19) ~ Cell line = A549) THEN (PI t0 = Low (0.18 ->

0.47)) 4.75 0.82

IF (Ag 3d atomic= High (> 15.53) ™ Hydro_size t0 nm = High (> 363.31) ~ Cell line =

A549) THEN (PI t24 = Low (0.04 -> 0.28)) 4 0.8

IF (Ag 3d atomic= Medium (0.19 -> 15.53) ~ Hydro_size t0 nm = High (> 363.31) " Cell

line = A549) THEN (PI t24 = Low (0.04 -=> 0.28))  3.69 0.78

IF (Hydro_size t0 nm = Medium (209.97 -> 363.31) ™ PI t24 = Medium (0.28 ->

0.499763) ~ Cell line = HCT-116) THEN (Hydro_size t24= High (> 266.9)) 3.58 0.78

IF (Hydro_size t0 nm = Medium (209.97 -> 363.315) ~ PI t24 = Low (0.04 -> 0.28)

Cell line = A549) THEN (Hydro_size t24= Medium (149.34 -> 266.9)) 3.53 0.77

IF (Hydro_size t0_nm = High (> 363.315) ™ PI t24 = Medium (0.28 -> 0.49) ~ Cell line

= HCT-116) THEN (Hydro_size t24= Medium (149.34 -> 266.9)) 3 0.75

IF (Ag 3d atomic= Medium (0.19 -> 15.53) ™ Hydro_size t0_nm = Medium (209.97 ->

363.315) ~ Cell line = A549) THEN (PI _t24 = Medium (0.28 -> 0.499763)) 2.88 0.74

IF (Hydro_size t0_nm = Low (55.91 -> 209.97) ~ PI t24 = Medium (0.28 -> 0.49) * Cell

line = A549) THEN (Hydro_size t24= Low (63.74 -> 149.34)) 2.84 0.73

IF (Ag 3d atomic= Low (0.08 -> 0.19) " Cell line = HCT-116) THEN (PI t0 = High (>

0.59)) 2.68 0.72826087

IF (Hydro_size t0 nm = High (> 363.315) ™ PI t24 = Low (0.04 -> 0.28) ~ Cell line =

A549) THEN (Hydro_size t24= Low (63.74 -> 149.34)) 2.43 0.70

IF (Ag 3d atomic= High (> 15.53) " PI t0 = High (> 0.59) ~ Cell line = HCT-116) THEN

(Hydro_size_t0_nm = Medium (209.97 -> 363.315)) 2.23 0.69

IF (Hydro_size t0 nm = High (> 363.315) ~ PI t24 = Medium (0.28 -> 0.499763) "~ Cell

line = A549) THEN (Hydro_size t24= Low (63.74 -> 149.34)) 2.21 0.68

IF (Ag 3d atomic= Low (0.08 -> 0.19) ™ PI _t0 = Medium (0.47 -> 0.59) " Cell line = HCT-

116) THEN (Hydro_size t0_nm = Low (55.91 -> 209.97)) 2.1 0.67

IF (Coating = HEC "~ PI 24 = Low (0.04 -> 0.28)) THEN (C 1s_Concent_% = Medium

(60.61 -> 61.83)) 2.02 0.66

IF (Ag 3d atomic= Medium (0.19 -> 15.53) " Cell line = HCT-116) THEN (PI t0 = High

(> 0.59)) 1.97 0.66

IF (Coating = HEC ™ PI _t24 = High (> 0.49)) THEN (C 1Is_Concent % = Low (54.23 ->

60.61)) 1.94 0.65

IF (Ag 3d atomic= High (> 15.53) ™ PI t0 = Medium (0.47 -> 0.59) " Cell line = A549)

THEN (Hydro_size t0 nm = Medium (209.97 -> 363.315)) 1.87 0.651567944

IF (Ag 3d atomic= High (> 15.53) "~ Cell line = A549) THEN (Pl t0 = Low (0.18 -> 0.47))
1.37 0.57
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IF (Hydro_size t0 nm = High (> 363.315) ™ PI t24 = High (> 0.499763) " Cell line =
HCT-116) THEN (Hydro_size t24= High (> 266.9)) 1.33 0.57

IF (Ag 3d atomic= Medium (0.19 -> 15.53) ~ PI t0 = Low (0.18 -> 0.47) " Cell line =
A549) THEN (Hydro_size_t0_nm = Medium (209.97 -> 363.315)) 1.29 0.56

IF (Ag 3d atomic= High (> 15.53) " Cell line = HCT-116) THEN (PI t0 = Medium (0.47 -
>0.59)) 1.24 0.55

IF (Ag 3d atomic= Medium (0.19 -> 15.53) * PI_t0 = Medium (0.47 -> 0.59) " Cell line =
A549) THEN (Hydro_size t0 nm = Medium (209.97 -> 363.315)) 1.21 0.54

IF (Ag 3d atomic= Medium (0.19 -> 15.53) ~ PI t0 = High (> 0.59) " Cell line = HCT-
116) THEN (Hydro_size t0 nm = High (> 363.315)) 1.18 0.54

IF (Ag 3d atomic= Low (0.08 -> 0.19) ~ Hydro_size t0 nm = Low (55.91 -> 209.97) " Cell
line = A549) THEN (PI t24 = Low (0.04 -> 0.28))  1.16 0.53

IF (Crystallinity = Low (22.9 -> 60.0) ~ Core size = Low (7.0 -> 17.8) "
Spherical_surface_Area nm”™2 TEM = Medium (3981.59 -> 5026.55) ™ Ag 3d atomic=
Low (0.08 -> 0.19) ™ Hydro_size t24= Medium (149.34 -> 266.9) ™ Exposure dose =
Medium (20.0 -> 58.35) ~ Assay = WST-1) THEN (viability = safe) 35 097

IF (Crystallinity = Low (22.9 -> 60.0) ~ Core size = Low (7.0 -> 17.8) *
Spherical _surface Area nm”2 TEM = Low (3981.53 -> 3981.59) ~ Ag 3d atomic= Low
(0.08 -> 0.19) ~ Hydro_size t24= Low (63.74 -> 149.34) ™ Exposure dose = Low (0.0 ->
20.0) ~ Assay = MTT) THEN (viability = safe) 33 0.97

IF (Crystallinity = Low (22.9 -> 60.0) ~ Core size = Low (7.0 -> 17.8) *
Spherical_surface Area_nm”2 TEM = Medium (3981.59 -> 5026.55) ~ Ag 3d atomic=
Low (0.08 -> 0.19) ~ Hydro_size t24= Medium (149.34 -> 266.9) ™ Exposure dose = Low
(0.0 -> 20.0) ~ Assay = WST-1) THEN (viability = safe) 22 095

IF (Crystallinity = Medium (60.0 -> 61.0) ~ Core size = Medium (17.8 -> 20.0) »
Spherical_surface Area_nm™2 TEM = Medium (3981.59 -> 5026.55) ™ Ag 3d atomic=
Medium (0.19 -> 15.53) ~ Hydro_size t24= High (> 266.9) "~ Exposure dose = Medium
(20.0 -> 58.35) ~ Assay = WST-1) THEN (viability = Toxic) 10 0.9

IF  (Crystallinity = Low (22.9 -> 60.0) ~ Core size = High (> 20.0) "
Spherical _surface Area_nm™2 TEM = High (> 5026.55) ™ Ag 3d atomic= High (> 15.53)
NHydro_size t24= Medium (149.34 -> 266.9) ™ Exposure dose = Low (0.0 -> 20.0) " Assay
= MTT) THEN (viability = safe) 9.5 0.90

IF (Crystallinity = High (> 61.0)0 ~ Core size = Low (7.0 -> 178 "
Spherical_surface Area_nm”2 TEM = Low (3981.53 -> 3981.59)  Ag 3d atomic= Low
(0.08 -> 0.19) ~ Hydro_size t24= Low (63.74 -> 149.34) ™ Exposure dose = Low (0.0 ->
20.0) ~ Assay = MTT) THEN (viability = safe) 7.75 0.88

IF (Crystallinity = High (> 61.00 ~ Core size = Low (7.0 -> 17.8) "
Spherical_surface Area_nm”2 TEM = Low (3981.53 -> 3981.59) ~ Ag 3d atomic= Low
(0.08 -> 0.19) ~ Hydro_size t24= Low (63.74 -> 149.34) ™ Exposure dose = Medium (20.0
-> 58.35) N Assay = MTT) THEN (viability = safe) 7 0.875

IF (Crystallinity = Medium (60.0 -> 61.0) ~ Core size = Medium (17.8 -> 20.0) »
Spherical _surface Area nm”2 TEM = Medium (3981.59 -> 5026.55) ™ Ag 3d atomic=
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Medium (0.19 -> 15.53) " Hydro_size t24= Low (63.74 -> 149.34) ™ Exposure dose = High
(> 58.35) " Assay = MTT) THEN (viability = Toxic) 7 0.87

IF (Crystallinity = Low (22.9 -> 60.0) ~ Core size = Low (7.0 -> 17.8) *
Spherical _surface Area nm”2 TEM = Medium (3981.59 -> 5026.55) ™ Ag 3d atomic=
Low (0.08 -> 0.19) ~ Hydro_size t24= Medium (149.34 -> 266.9) ™ Exposure dose = Low
(0.0 -> 20.0) ™ Assay = Alamar Blue) THEN (viability = very_toxic) 6.67 0.86

IF  (Crystallinity = High (> 61.0) ~ Core size = Low (7.0 -> 17.8) *
Spherical _surface Area nm”2 TEM = Low (3981.53 -> 3981.59) ~ Ag 3d atomic= Low
(0.08 -> 0.19) ™ Hydro_size t24= Low (63.74 -> 149.34) ™ Exposure dose = Medium (20.0
-> 58.35) N Assay = Alamar Blue) THEN (viability = very_toxic) 6.5 0.86

IF (Crystallinity = Low (22.9 -> 60.0) ~ Core size = High (> 20.0) *
Spherical_surface Area_nm”™2 TEM = High (> 5026.55) ™ Ag 3d atomic= High (> 15.53)
~NHydro_size t24= Medium (149.34 -> 266.9) " Exposure dose = Low (0.0 -> 20.0) " Assay
= Alamar Blue) THEN (viability = very_toxic) 3.57 0.78

IF  (Crystallinity = Low (22.9 -> 60.0) ~ Core size = High (> 20.0) "
Spherical_surface_Area nm”2 TEM = High (> 5026.55) " Ag 3d atomic= High (> 15.53)
~ Hydro_size t24= Medium (149.34 -> 266.9) ™ Exposure dose = Medium (20.0 -> 58.35)
~Assay = Alamar Blue) THEN (viability = very_toxic) 3.5 0.77

IF (Crystallinity = Medium (60.0 -> 61.0) ~ Core size = Medium (17.8 -> 20.0) "
Spherical_surface_Area nm”™2 TEM = Medium (3981.59 -> 5026.55) ™ Ag 3d atomic=
Medium (0.19 -> 15.53) ~ Hydro_size t24= Low (63.74 -> 149.34) ™ Exposure dose = High
(> 58.35) ™ Assay = Alamar Blue) THEN (viability = Toxic) 3.17 0.76

IF (Crystallinity = Medium (60.0 -> 61.0) ~ Core size = Medium (17.8 -> 20.0) »
Spherical_surface Area_nm”2 TEM = Medium (3981.59 -> 5026.55) ~ Ag 3d atomic=
Medium (0.19 -> 15.53) ™ Hydro_size t24= Low (63.74 -> 149.34) ™ Exposure dose =
Medium (20.0 -> 58.35) ~ Assay = MTT) THEN (viability = Toxic)3.12 0.75

IF  (Crystallinity = High (> 61.0) ~ Core size = Low (7.0 -> 17.8) *
Spherical_surface Area_nm”2 TEM = Low (3981.53 -> 3981.59) ™ Ag 3d atomic= Low
(0.08 -> 0.19) ™ Hydro_size t24= Low (63.74 -> 149.34) ™ Exposure dose = High (> 58.35)
~Assay = MTT) THEN (viability = safe) 3 0.75

IF (Crystallinity = Medium (60.0 -> 61.0) ~ Core size = Medium (17.8 -> 20.0) "
Spherical_surface Area_nm™2 TEM = Medium (3981.59 -> 5026.55) ~ Ag 3d atomic=
Medium (0.19 -> 15.53) ~ Hydro_size t24= Medium (149.34 -> 266.9) ™ Exposure dose =
High (> 58.35) " Assay = Alamar Blue) THEN (viability = Toxic) 2.75 0.733

IF (Crystallinity = Medium (60.0 -> 61.0) ~ Core size = Medium (17.8 -> 20.0) »
Spherical _surface Area_nm™2 TEM = Medium (3981.59 -> 5026.55) ™ Ag 3d atomic=
Medium (0.19 -> 15.53) * Hydro_size t24= Medium (149.34 -> 266.9) "~ Exposure dose =
Low (0.0 -> 20.0) ~ Assay = Alamar Blue) THEN (viability = safe)2.75 0.73

IF (Crystallinity = Medium (60.0 -> 61.0) ™ Core size = Medium (17.8 -> 20.0) »
Spherical_surface_Area nm”™2 TEM = Medium (3981.59 -> 5026.55) ™ Ag 3d atomic=
Medium (0.19 -> 15.53) ~ Hydro_size t24= Medium (149.34 -> 266.9) ™ Exposure dose =
Low (0.0 -> 20.0) " Assay = MTT) THEN (viability = safe) 2.2 0.68
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IF (Crystallinity = Low (22.9 -> 60.0) ~ Core size = Low (7.0 -=> 17.8) "
Spherical_surface Area_nm”2 TEM = Medium (3981.59 -> 5026.55) ™ Ag 3d atomic=
Low (0.08 -> 0.19) ~ Hydro_size t24= Medium (149.34 -> 266.9) " Exposure dose = High
(> 58.35) ~ Assay = WST-1) THEN (viability = safe) 2.14 0.6815

IF  (Crystallinity = Low (22.9 -> 60.0) ~ Core size = High (> 20.0) "
Spherical _surface Area_nm™2 TEM = High (> 5026.55) ™ Ag 3d atomic= High (> 15.53)
N Hydro_size t24= High (> 266.9) ™ Exposure dose = Medium (20.0 -> 58.35) * Assay =
WST-1) THEN (viability = Toxic)  2.08 0.67

IF (Crystallinity = Medium (60.0 -> 61.0) ™ Core size = Medium (17.8 -> 20.0) »
Spherical_surface Area_nm”™2 TEM = Medium (3981.59 -> 5026.55) ~ Ag 3d atomic=
Medium (0.19 -> 15.53) ~ Hydro_size t24= High (> 266.9) ™ Exposure dose = Low (0.0 ->
20.0) ™ Assay = WST-1) THEN (viability = safe) 2 0.66
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ARTICLE INFO ABSTRACT

Edited by: Professor Bing Yan Microplastic pollution represents a global problem with negative impacts on aquatic environment and organisms’

health. To date, most of the laboratory toxicological studies on microplastics (MPs) have made use of single

Keywords: commercial micro and nano-polymers, which do not reflect the heterogeneity of environmental MPs. To improve
M‘Er"glisms the relevance of the hazard assessment, micrometer-sized plastic particles of miscellaneous non-reusable waste
Zebrafis]

plastics, with size <100 pm and <50 um (waste microplastics, wMPs), were characterized by microscopic and
spectroscopic techniques and tested on developing zebrafish and Xenopus laevis by FET and FETAX assays
respectively. Moreover, the modalities of wMP interaction with the embryonic structures, as well as the histo-
logical lesions, were explored by light and electron microscopy.

We have shown that wMPs had very heterogeneous shapes and sizes, were mainly composed of polyethylene
and polypropylene and contained metal and organic impurities, as well as submicrometric particle fractions,
features that resemble those of environmental occurring MPs. wMPs (0.1-100 mg/L) caused low rate of mortality
and altered phenotypes in embryos, but established species-specific biointeractions. In zebrafish, wMPs by
adhering to chorion were able to delay hatching in a size and concentration dependent manner. In Xenopus
embryos, which open stomodeum earlier than zebrafish, wMPs were accumulated in intestinal tract, where
produced mechanical stress and stimulated mucus overproduction, attesting an irritation response.

Although wMP biointeractions did not interfere with morphogenesis processes, further studies are needed to
understand the underlying mechanisms and long-term impact of these, or even smaller, wMPs.

Xenopus laevis
Developmental toxicity
Chorion

Intestine

1. Introduction et al.,, 2009; Eriksen et al., 2014). It is estimated that primary MPs

represent only a small part of the MPs present in the environment

Microplastics (MPs) have become an emerging concern worldwide
for both human and environmental health due to their enormous
intentional or unintended release to the environment, particularly in
marine and freshwater aquatic systems, where they are accumulated
(Auta et al., 2017; Li et al., 2020).

MPs (average particle size 1-5000 um @, GESAMP, 2015) gather
together a large variety of organic polymers and include both primary
MPs produced for specific commercial purposes (e.g. microbeads in
tooth paste or cosmetics, Cole et al., 2011; Fendall and Sewell, 2009)
and secondary MPs derived by breakdown of any plastic good (Barnes
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(Andrady, 2011; Rist and Hartmann, 2018). Most of them are instead
represented by secondary MPs, whose spread rate is almost impossible to
control due to indiscriminate disposal and inadequate waste manage-
ment systems without proper recycling. Land based plastic sources end
up into aquatic ecosystems and here, despite their recalcitrance, they are
embrittled and fragmented by mechanical, chemical and biological
processes, thus contributing to about 80% of plastic debris found in
these environmental compartments (Andrady, 2017).

Secondary MPs usually result to have irregular in size, shape and
composition, physico-chemical (P-chem) features that in different ways
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may pose a risk to organisms (de Sa et al., 2018; Jabeen et al., 2018;
Mazurais et al., 2015). In addition to the hazards arising from MPs direct
toxicity and bioaccumulation, particularly if their size reaches the
nanoscale, the health concerns may also derive from their ability to
adsorb and convey other hydrophobic chemical pollutants, such as
persistent organic pollutants and endocrine disruptors (Lee et al., 2014;
O’Donovan et al., 2018; Rainieri et al., 2018; Wang et al., 2018). At the
same time, plastic additives, such as alkyl-phenols, bisphenol and
phthalates, can be leached out from MPs, adding further harmful
chemicals to those absorbed from the environment (Barnes et al., 2009;
Browne et al., 2013).

Several studies conducted under controlled laboratory conditions
have recently reported that commercial polystyrene MPs possess the
capability to accumulate into various aquatic organisms (Lu et al., 2016;
Pitt et al., 2018). Field studies have evidenced that starting from the
primary consumers, mainly represented by the zooplankton (Cole et al.,
2013; Setdld et al., 2014), all the organisms composing the aquatic food
web, from invertebrates to seabirds and fish (Alomar and Deudero,
2017; Cau et al., 2019; Giani et al., 2019; Sfriso et al., 2020) seem to be
involved in the bioaccumulation process, including edible and com-
mercial species (Bouwmeester et al., 2015; Browne et al., 2008; EFSA,
2016; Koongolla et al., 2020; Markic et al., 2019; Neves et al., 2015;
Savoca et al., 2020).

In aquatic vertebrates, MPs accumulate especially within the diges-
tive system, which is also the main primary target (Markic et al., 2019).
Laboratory studies on larval and adult fish evidenced that, at the in-
testinal level, MPs can cause damages at the gut epithelium compro-
mising the feeding activity and bringing to negative effects on growth
parameters and survival (Jabeen et al., 2018; Lei et al., 2018; Naidoo
and Glassom, 2019; Pannetier et al., 2020; Peda et al., 2016). In addi-
tion, some studies on marine and freshwater fish species reported MP
translocation from the gut to the circulatory system and consequent
histological and metabolic injuries to other organs such as liver (Espi-
nosa et al., 2019; Jabeen et al., 2018; Lu et al., 2016).

In the extensive literature regarding the impact of MPs on aquatic
organisms, it is noteworthy the knowledge gap on their potential
adverse effects on development, when embryos mainly undergo passive
exposure to MPs during the delicate phase of morphogenesis and organ
functional differentiation.

However, most of the studies on invertebrates and vertebrates,
including embryonic stages, have investigated the uptake and distribu-
tion of commercial micro- and nanopolymers, mainly spherical and
monodisperse polystyrene (PS) (De Felice et al., 2018; Duan et al., 2020;
Messinetti et al., 2018; Pitt et al., 2018). Alternatively, other studies
assessed the impact of leaching by comparing virgin versus
beach-stranded pellets or artificially contaminated commercial MPs
(Batel et al., 2018; Nobre et al., 2015). Despite having appropriate di-
mensions, the commercial MPs are overly simplified and do not reflect
the modality of interaction with organisms of the heterogeneous envi-
ronmental MPs (Phuong et al., 2016). Environmental secondary MPs,
intended as mixtures of fragments of different shapes, composition and
aggregation capacity are therefore worthy of additional research efforts.

To improve the knowledge on the possible effects of environmental
MPs during the development of sensible target organisms, like fish and
amphibians, in the present study we used the zebrafish (Danio rerio) and
the African frog (Xenopus laevis) as ecologically-relevant experimental
models. Recently, these animal models have been extensively used to
study the biointeractions and toxicity of micro- and nano-particles (NPs)
(Bonfanti et al., 2019, 2015; Colombo et al., 2017; Fiandra et al., 2020;
Haque and Ward, 2018; Mantecca et al., 2015), confirming their capa-
bility to efficiently predict the hazard of environmental and biomedical
particles. Moreover, the specific developmental strategies of fish and
amphibians offer the opportunity to study how the interactions of MPs
with different embryonic structures may affect the development.

In order to improve the relevance of the toxicological hazard
assessment of the MP environmental pollution, micrometer-sized plastic
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particles were produced by fragmentation of miscellaneous plastics
derived from the collection of miscellaneous plastic wastes in municipal
ecological platforms. After mechanical sieving of the particles, the two
smallest fractions with size ranges 100-50 pm and less than 50 ym were
retrieved. These samples have been considered representative of the
environmentally occurring and measurable MPs, with a micron-scaled
dimension conferring them the ability to effectively interact and be
taken up by aquatic organisms. After a detailed P-chem characterization
of the wMPs by microscopy (light, SEM, TEM) and spectroscopy (ATR-
FTIR, Raman, TXRF) techniques, the toxic responses have been inves-
tigated by the Fish Embryo acute Toxicity (FET) test using zebrafish, and
the Frog Embryo Teratogenesis Assay-Xenopus (FETAX); the modalities
of the MP interaction with the biological structures, as well as the his-
tological lesions, have been investigated by microscopy techniques.

2. Materials and methods
2.1. Production of waste plastic granules and microparticles

Plastic granulates were obtained from industrial partners in the
framework of the project ECOPAVE (POR FESR 2014-2020, Reg. Lom-
bardia), in which a pilot value chain has been established to collect and
reuse plastic wastes. After being collected, the plastic waste of various
origins was treated to obtain fractions of plastic granules of decreasing
size (Text S2, Supporting Information) on which the ATR-FTIR analysis
was carried out.

The finest wMP fractions, with at least one of the dimensions of 50
um <wMPs <100 um and wMPs <50 um (named F1 and F2 respec-
tively), have been used for further chemical-physical and toxicological
analyses.

2.2. Waste microplastic characterization

2.2.1. ATR-FTIR spectroscopy

Attenuated total reflection-Fourier-transform infrared (ATR-FTIR)
spectroscopy analysis was performed using a Nicolet In5 FTIR instru-
ment (Thermo Fisher Scientific) with 128 scans at 2 cm™ of resolution in
the range of 4000-550 cm™. Four sampling replicates were collected
from each of the six different size fractions (Fig. S1 C). Applied contact
force was increased until a constant ratio between the C-H stretching
bands at 2900 cm™ and the CH, rocking bands at 720 cm’! was ensured.
Spectral acquisition, analysis and library research were performed by
using the OMNIC Spectra software. Identity confirmation was estab-
lished with 95% match obtained with the patented comparison algo-
rithm provided by the software.

2.2.2. Raman spectroscopy

Raman spectroscopic analysis of the F1 and F2 wMP particles was
performed using an alpha300 confocal Raman microscope (WITec, Ulm,
Germany) applying a 532 nm laser. Particles were deposited using a
stainless-steel spatula on a polished, clean silicon wafer placed on the
motorized stage of the Raman microscope. For both fractions, spectra of
50 particles were collected using a 10x objective typically at 1 s inte-
gration times by averaging 10 accumulations. Materials were identified
after baseline subtraction of the raw spectra, using the ACDLabs UVVis
manager software and an in-house built polymer database. For the
identification of materials not present in our database (polyethylene-
octene copolymer) an open spectral database, OpenSpecy (www.open
specy.org) (Cowger et al., 2021) was utilized. Spectra without specific
Raman features (only wide fluorescent signal) were considered to be
not-identified.

2.2.3. Total reflection X-ray fluorescence (TXRF)

TXRF measurements were performed after sample digestion as pre-
viously described (Bobba et al., 2021) with some modification. Briefly
wMP F1 and F2 samples (0.3 g) were placed in dried glass microwave
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digestion tubes and dispersed in 800 pL of aqua regia plus 100 pL of 30%
H03 solution, added drop by drop. Three replicates for each wMP
fraction were prepared. Samples were digested by an automatized CEM
Explorer SPD microwave digestion system and treated at 220 °C for 10
min (after 10 min ramping to the final temperature). The digestion step
was repeated twice by adding again the same amount of reagents in the
same glass tube. Three blank samples were processed with the same
digestion protocol operated with only aqua regia and HyO5. Samples and
blanks were then purified using an Amicon Ultra-4 centrifugal filter,
100 kDa (Millipore), and diluted 1:1 in water. Mixture for TXRF analysis
were prepared in triplicate by adding 10 pL of each sample to 77 pL of
HNOs at 14%w/v, 3 uL Ga internal standard (3.3 mg/L final concen-
tration), and 10 uL Triton X-100 at 1.0% w/v. 5 pL of the final mixture
were spotted on acrylic sample holder, dried and placed in the TXRF
spectrometer (S4 T-Star 4 TXRF spectrometer, Bruker) equipped with a
Mo X-ray source. Measurement data were collected for 1200 s.

2.2.4. Particle size and particle size distribution

The size and particle size distribution of F1 and F2 were determined
by the laser diffraction method (Malvern Mastersizer 3000). The mea-
surements were performed either in ethanol and 0.1% w/v Triton X-100
and kept under continuous stirring (850 rpm) during the analysis. Each
measurement was performed in five replicates.

The model for data analysis assumes that the particle are not-
spherical, while refractive index and absorption value were set to 1.5
and 0.010, respectively, on the base of the chemical composition of the
material. Laser obscuration was kept between 10% and 20%. Data were
reported as size distribution, calculated from the volume size
distribution.

2.2.5. Microscopy characterization

Light, Fluorescence, Scanning and Transmission Electron Microscopy
(LM, FM, SEM and TEM-EDX) were used to characterize morphology,
optical properties and elemental composition of F1 and F2. For LM
analysis, small amounts of F1 and F2 granulates were mounted onto
glass slides and observed under a Zeiss Axioplan microscope equipped
with an Axiocam MRc5 digital camera. For FM, the slides were observed
with an inverted Zeiss Observer.Z1 microscope, equipped with a Zeiss
AxioCam MRm digital camera, selecting UV, eGFP and DsRed filters. For
SEM analysis, F1 and F2 samples were attached with adhesive carbon
tape onto stubs and sputter-coated with 10 nm gold. SEM-SE imaging
was performed using a TESCAN Vega®XM 5136 SEM operating at 20 kV
acceleration voltage. For TEM analysis, F1 and F2 fractions were directly
embedded in epoxy resin and ultrafine slices were cut using Leica EM
—~UC?7 ultramicrotome (Leica, Milan, Italy). Slices were analyzed by EDX
in STEM mode using JEOL-JEM 2100 at 120 kV (JEOL, Italy) coupled
with Bruker X-flash detector 5030 (Bruker Italy). The QUANTAX 200
software, in Hypermap mode, assessed elemental composition.

2.3. Embryotoxicity test

2.3.1. Preparation of the wMP treatment suspensions

To obtain the suspensions for the embryos’ treatment, F1 and F2
were suspended in FET (in mg/L NaHCO3 100, Instant ocean salt 100,
CaS04 190 for zebrafish) or FETAX (in mg/L NaCl 625, NaHCO3 96, KCl
30, CaCly 15, CaSO4-2 H20 60, and MgSO4 70 for X. laevis) solution (pH
7.5-8.5) to achieve the maximum working concentration of 100 mg
wMPs/L. These suspensions were vortexed to obtain a uniform distri-
bution of particles and then sequentially diluted to generate the addi-
tional treatment concentrations (0.1, 1 and 10 mg/L). To date, MP
amounts measured in the aquatic environment are extremely variable,
therefore we have chosen a range comprising an environmental relevant
concentration (0.1 mg/L) with reference to the contaminated areas
(Naidoo and Glassom, 2019) up to concentrations likely representing
hotspot pollution events (10 and 100 mg/L).

According to the guidelines of the FET (OECD TG 236, 2013) and
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FETAX (ASTM, 1998), embryos of zebrafish and Xenopus control groups
were incubated in standard FET and FETAX solution respectively and all
the solutions/suspensions were changed daily.

2.3.2. Fish embryo acute toxicity (FET)

Wild-type (AB strain) zebrafish were maintained as described in S3.

The acute toxicity of wMPs was determined as recommended by the
OECD (OECD, 2013), with minor modifications. Within 3 h
post-fertilization (hpf), groups of 20 embryos at same development
stage, obtained by natural spawning of adult wild type AB zebrafish
pairs (n = 6), were randomly subdivided in four Petri dishes (& 6.0 cm)
containing 10 mL of FET solution (control group) or treatment suspen-
sion (F1 and F2 wMPs at 0.1-1-10-100 mg/L). Embryos were exposed in
a thermostatic chamber at 26 + 0.5 °C, under static conditions. Lethal
(coagulation, lack of somite formation, lack of detachment of the tail
from the yolk sac, lack of the heartbeat) indicating acute toxicity and
sublethal (e,g. oedemas, hatching rate and tail malformations) end-
points, were monitored at 24, 48, 72 and 96 hpf.

At the end of the exposure period, randomly selected embryos from
each experimental group were anesthetized in 0.16 mg/mL MS-222 and
10 embryos were processed for histological analysis while the remaining
were fixed with 10% neutral buffered formalin for head-tail length
measurement with the digitizing software AxioVision (Zeiss, Germany).

2.3.3. Frog embryo teratogenesis assay Xenopus - FETAX

Xenopus embryos were obtained by natural breeding of pairs (n = 3)
of adult X. laevis injected with HCG into the dorsal lymph sac (females:
300 IU; males: 150 IU) as previously described (Bonfanti et al., 2015).
Embryotoxicity tests were conducted according to the standard guide for
the FETAX (ASTM, 1998) performing three replicate definitive tests in
the same experimental conditions, each conducted using embryos from a
different male/female pair of X. laevis. Groups of 25 embryos at the
midblastula stage (Stage 8), 5 hpf (Nieuwkoop and Faber, 1956) were
randomly placed in Petri dishes (@ 6.0 cm) containing 10 mL of FETAX
solution (control group) or treatment suspension. Two replicate dishes
were used for each test concentration (F1 and F2 0.1-1-10-100 mg/L)
while for control group four replicate dishes were used.

All Petri dishes were incubated in a thermostatic chamber at 23 +
0.5 °C and daily dead embryos were counted and removed. FETAX
endpoints (i.e. mortality, malformations and growth inhibition) were
considered at the end of the assay (stage 46, 96 hpf). At the end of the
analysis, embryos (n = 75 randomly selected from each experimental
group) were fixed in 10% neutral buffered formalin to evaluate the
growth retardation by measuring head-tail lengths with the digitizing
software AxioVision (Zeiss, Germany). The remaining embryos were
processed for the subsequent morphological analyses.

2.4. Fluorescence stereomicroscopy analysis of zebrafish and Xenopus
embryos

The optical property of some wMPs emitting fluorescence has been
exploited to localize the wMPs particles in order to evaluate their bio-
interactions with embryonic tissues. To this aim, groups (n = 10) of
living zebrafish embryos at 24 hpf and formalin fixed Xenopus embryos
at 96 hpf were randomly sampled from control and 100 mg/L F1 and F2
experimental groups and observed under a dissection microscope (Leica,
M205FA equipped with LAS X Expert software) in brightfield and fluo-
rescence mode with GFP long pass and DsRed filter settings.

2.5. Histological analyses

At the end of FET and FETAX (96 hpf), embryos (n = 10) were
randomly selected from control and 100 mg/L F1 and F2 experimental
groups, fixed in Bouin’s solution and processed for paraffin embedding.
Samples were transversely cut from eye to proctodeum into 6 pm thick
serial sections, mounted on glass slides and stained with haematoxylin
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and eosin (H&E) or Periodic acid-Schiff (PAS). The slides were screened
under a Zeiss Axioplan optical microscope equipped with an Axiocam
MRc5 digital camera.

2.6. Scanning electron microscopy of Xenopus embryos’ intestines

For SEM analysis, 96 hpf embryos randomly selected at the end of the
FETAX from the control, F1 and F2 wMPs 100 mg/L groups (n = 6 each)
were euthanized with MS-222 (300 mg/L). The intestinal tubes were
dissected, immediately fixed overnight (ON) with 2% glutaraldehyde in
Na-cacodylate (CAC) buffer (0.1 M), washed with CAC buffer (0.1 M)
and post-fixed with 1% osmium tetroxide in CAC buffer (0.1 M) for 90
min at room temperature (RT). After dehydration with a graded ethanol
series up to 100%, specimens were infiltrated with hexamethyldisila-
zane and left to dry ON at RT. After drying, the samples were placed on a
conductive tape mounted on aluminum stubs and coated with 10 nm
chromium using high vacuum Quorum Q150T-ES sputtering system.
SEM-SE micrographs were acquired by means Zeiss Gemini 500 FEG-
SEM operating with an acceleration voltage of 5 kV.

2.7. Data collection and statistical analysis

The number of dead embryos versus their total number at the
beginning of the tests led to the mortality percentages and the number of
malformed embryos versus the total number of surviving ones gave the

4000 o 00 200 2000 1500 1000 500
‘Wavenumbers (cm-1)

B
TS V. //\\\-\,

2700

2400

e

CCD cts
1800 2100

1500

1200

Ecotoxicology and Environmental Safety 225 (2021) 112775

malformed embryo percentages. Data were expressed as the average +
standard error (SE) or standard deviation (SD) and the percentage
relative standard deviation (RSD %). Data were tested for homogeneity
and normality and one-way analysis of variance (ANOVA) was per-
formed. The daily and cumulative hatching percentages were investi-
gated by chi-square method, using Yates’s correction for continuity ()(2
test) or Fisher’s exact tests. The elaboration of cumulative hatching data
of zebrafish embryos by probit analysis (Finney, 1971) allowed
obtaining the median Hatching Time (HTs) value, which is the hatching
time for 50% of the embryos. All statistical test were applied with at least
95% confidence interval using the IBM SPSS statistic 25 software.

3. Results
3.1. Microplastic characterization

The preliminary chemical characterization of the plastic granulates
obtained from the collected plastic waste showed that poly-olefins were
the main components (data not shown). After the dimension-based
fractionation of the wMP granulate by manual sieving, additional
chemical characterizations were performed to identify the type of
polyolefin prevalent and any change in chemical structure induced by
the grinding process in the different granule subpopulations. Repre-
sentative ATR-FTIR spectra of these different sized fractions are pre-
sented in Fig. 1 A. The list of the main peaks detected is reported in
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Fig. 1. Polymer characterization of wMPs. Panel A: superimposed ATR-FTIR spectra of polyethylene (left) and polypropylene (right) granulates obtained from each
of the six dimensional fractions of wMPs. Panel B: Raman spectroscopy analysis of wMPs. On the right: examples of raw Raman spectra of the analyzed particles
before baseline subtraction, many of them showing wide fluorescence peaks in addition to the Raman lines. From top to bottom: a) polyethylene, b) polyethylene-
octene copolymer, c) polyethylene with phthalocyanine blue additive, d) polypropylene in fraction F1, e) metal oxide (rutile) containing particle in fraction F2. On
the left: summary of the chemical composition of the wMP particles in fractions F1 and F2.
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Table S1.

Considering a >85% match, library research enabled the identifi-
cation of two main polymers: polyethylene (PE) and polypropylene (PP)
in a 8:1 ratio. No other polymers were identified. Considering the same
identified polymer in the different size fractions the spectra resulted
similar, indicating that no remarkable transformation were induced in
the chemical structure of the bulk material during the sorting and
grinding process. However, some aliquots displayed peaks not detected
in the reference virgin pellets, indicating that the original plastic ma-
terials were probably containing different ingredients that were retained
during the processing and/or faced a different degradation pathway.
Specifically, seven samples display signals at 1719 cm™ that may orig-
inate from oxidation processes of the aliphatic chain.

The finest fractions obtained in appreciable quantities from the
sieving of initial granulate were F1 and F2 (Fig. S1 C), which comprise
plastic particles with at least one nominal dimension between 100 and
50 um and less than 50 um respectively. These fractions were selected to
study the impact on zebrafish and Xenopus embryonic development and
their biointeraction potential. To support toxicological data, F1 and F2
wMPs were further characterized in terms of chemical compositions by
Raman spectroscopy, TXRF and EDX, and of shape and dimension by
laser diffraction and LM, FM, SEM and TEM analysis.

Characterization of F1 and F2 wMPs by Raman spectroscopy con-
firms the results obtained by FTIR on "bulk" aliquots, suggesting that
most of the plastic particles are made of polyolefins (Fig. 1 B). Many of
them also show fluorescence at the excitation wavelength applied,
underlining that the waste plastic material contains several other in-
gredients beside the synthetic polymers. In the two fractions, about
74-82% of the particles were PE, 6% was PE copolymer, 2-4% were PP.
Some of them contained also inorganic materials, like TiO». This is also
confirmed by the TEM-EDX analysis, which shows the presence of
different elements in nano-form such as Ti, Pb, Fe, Si, Al (Fig. 3 B). In
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other cases, complex spectra revealed that many wMPs contained col-
orants like phthalocyanine blue (Simon and Rohrs, 2018). However,
about 10-12% of the particles remained unidentified, in most cases
because of the strong fluorescent signal of colorants/additives hiding the
Raman features of polymers.

F1 and F2 fractions were also analysed by Total reflection X-ray
fluorescence spectrometry (TXRF) to evaluate the presence of trace el-
ements (Table S2). Overall, the F2 fraction shows higher concentration
of extracted metals in comparison to F1. A more detailed analysis carried
out by TEM-EDX shows the presence of Ti, Pb, Fe and Si in nanoform in
the F1 fraction (Fig. 3 B, F1) whereas in the F2 fraction they were
distributed more homogeneously inside the plastic particles (Fig. 3 B,
F2).

The size and the volume size distribution of the two fractions were
measured by the Mastersizer using ethanol and 0.1% Triton X-100 as
dispersants (Table S3). The obtained values, which resulted higher than
the nominal dimensions, might be affected by the presence of aggregates
or agglomerates, as confirmed also by the variation of the volume size
distribution observed in the different dispersant.

LM analysis confirmed the different size of the F1 and F2 wMP
fractions and that particles are characterized by highly variable di-
mensions (even if within the limits imposed by the sieve), thickness,
shapes and colours (Fig. 2 A). In addition to the round granules, also
fibres and flakes with rough and sharp edges were observed. Moreover,
since it is well known that plastic materials show significant auto-
fluorescence when excited by near-UV or even visible radiation, F1 and
F2 wMPs were observed with an inverted fluorescence microscope after
selecting UV, GFP and DsRed filters (Fig. 2 B). Fluorescence images
showed that the particles behaved differently in terms of fluorescence
wavelength and intensity of emission. Considering that the fluorescence
emission at a specific wavelength is intrinsic to the bulk polymer and can
depend also on additives, pigments, impurities or degradation products

wMP fractions

Fig. 2. Morphlological characterization of wMPs. Representative light (A) and fluorescence microscope images (B) that highlight heterogeneity in terms of shapes,
colors, sizes and optical properties of the particles contained in F1 and F2 fractions. LM=light microscope, BF=bright field. Filter setting for fluorescence microscope:

UV= 358 nm, and GFP= 488 nm, DsRed= 563 nm. Scale bar = 50 um.
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used in the production process (Hawkins and Yager, 2003; Qiu et al.,
2015), this result confirms the presence of different polymers and
various associated molecules in the selected fractions.

SEM analysis, performed to better characterize the wMP F1 and F2
morphology, confirmed that many particles have an irregular and rough
surface and that submicrometric particles are aggregated to the surface
of the larger ones (Fig. 3). TEM coupled with EDX confirmed the pres-
ence of nanoparticles inside F1 fraction slices and representative anal-
ysis showed Ti, Pb, Fe, Si alone or combined in nanoform of min Feret
diameter around 100-200 nm (Fig. 3 B, F1). In the F2 fraction, elements
such as Al, Pb, Fe and Si were more homogenously distributed in the
fraction, including also plastics particles of 1 um size or less (Fig. 3 B,
F2).

3.2. Effects of the wMPs on zebrafish and Xenopus embryos

A comparative evaluation of embryotoxicity of the F1 and F2 wMP
fractions was conducted on zebrafish and Xenopus laevis during the first
96 h of development, a sensitive period that include important processes
leading to organ formation.

FET results have evidenced that the exposure to both wMP fractions
did not induce a significant increase in mortality and malformation rates
in zebrafish embryos at 96 hpf (Fig. 4 A). The head-tail length of the
embryos was also not substantially affected (Fig. S2). In contrast, a dose-
dependent pattern was evidenced in the ability of zebrafish embryos
exposed to both F1 and F2 wMPs to hatch successfully (Fig. 4 B). In
particular, the evaluation of the daily hatching showed that the per-
centage of embryos exposed to F1 hatched mainly at 72 hpf with a dose-
dependent decrease compared to unexposed ones. Instead, zebrafish
embryos exposed to 0.1-10 mg/L F2 hatched at the same extent at 72
and 96 hpf, but those exposed to 100 mg/L hatched mainly at 96 hpf.
The cumulative hatching rate highlighted the trend of embryos to delay
the release from the chorion in a concentration-dependent manner,
more marked for the finest fraction F2. However, at 96 hpf almost 100%
of treated embryos were able to hatch similarly to controls. HTs( values
calculated at the different wMP concentrations confirmed that the time
taken for hatching of 50% embryos was significantly delayed starting
from 10 mg/L for F1 (HT5¢ =68.99 hpf) and from 1 mg/L for F2 (HTs,
=74.30 hpf) respect to the control (HT5o =65.89 hpf) (Table S4).

We exploited the fluorescence of some plastic particles to highlight
their adhesion to the chorion of 24 hpf zebrafish embryos as this inter-
action could be one of the causes influencing hatching (Fig. 4 B).

In control embryos, chorion surface appeared smooth and trans-
parent unlike treated embryos, where some wMP aggregates attached to
the chorion surface were observed as fluorescent spots. This result was
more pronounced in F2 treated embryos. No fluorescent wMPs were
detected in the periovular fluid and not even in the yolk sac or in other
embryo tissues.

As with zebrafish, wMPs did not elicit mortality in Xenopus embryos
since mortality rates for both fractions were not significantly different
from control (Fig. 5 A). Malformation rates statistically different from
controls (but never exceeding 10%) occurred sporadically, in particular
to embryos exposed to F1 and F2 at 10 and 0.1 mg/L respectively,
without any correlation with wMP concentration (Fig. 5 A).

However, the score of single malformations showed that the slight
increase in malformation rates in treated embryos was mainly attrib-
utable to the loosening of the intestinal loops (Fig. 5 C). Observing
embryos’ abdominal region under dissecting microscope, the presence
of debris in the loops of these slightly altered intestines was detected
(Fig. 5 C). Taking advantage of the fluorescence emission properties of
F1 and F2 fractions previously highlighted, the debris were identified to
be mainly plastic particles (Fig. 5 C). It is likely that the presence of these
wMP agglomerates in the gut lumen has interfered to a small extent with
the tight coiling of the intestinal tube that characterizes Xenopus gut
development. Furthermore, wMPs were only observed in the digestive
tracts of F1 and F2 treated embryos while no particle was observed on
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the epidermis or within other organs.

As far as it concerns the head-tail length of Xenopus embryos, a sta-
tistically significant increase respect to control was observed at all
concentrations for the F1 and at 1 and 10 mg/L for F2 fractions (Fig. 5
B). Interestingly, a slight biphasic behaviour of the concentration-
response curves of both fractions was observed, with the tendency of
head-tail length to be greater at low or intermediate concentrations and
lower at the high concentrations.

3.3. Bio-interactions of the wMPs with zebrafish and Xenopus embryonic
tissues

In order to highlight the interactions of the wMPs with embryonic
tissues and evaluate any damage induced to primitive organs, H&E
transversal sections of control and 100 mg/L F1 and F2 exposed zebra-
fish and Xenopus embryos at 96 hpf were examined.

No histological and organ morphology alterations were detected in
zebrafish embryos exposed to wMPs and no wMP fragments have been
visualized inside the lumen or at the level of the yolk even in finest
fraction (F2) treated embryos (Fig. S3). Furthermore, no altered
phenotype of intestinal epithelium nor delay in intestinal development
has been recorded in wMP treated embryos (Fig. 6, line D). Additional
histological evidences regarding the distinct intestinal segments are
reported in Fig. S3B.

In Xenopus embryos, although exposure to neither fractions of wMPs
did result in morphological alterations of the primitive organs in the
abdominal cavity (Fig. 6, line A) as in zebrafish, single heterogeneous
fragments or agglomerates of wMPs were detected inside the lumen of
several intestinal loops (Fig. 6, line B). In particular, the wMP particles
seemed to adhere and press on the intestinal epithelium of these tracts,
without causing apparent morphological damage to the epithelium.

Since mucus secreted by goblet cells provides a physical protection of
intestinal epithelium and its hyper-production represents a physiolog-
ical response to an undesirable irritant, a PAS staining was also per-
formed. In the lumen of the intestinal loops of the control embryos, the
reaction revealed a PAS positivity at the brush border level, consistent
with the glycocalix of microvilli membrane and the thin protective
mucus layer stratified on the enterocytes (Fig. 6, line C). Instead, in the
embryos exposed to both fractions of the wMPs, the reaction revealed a
large amount of mucus into the lumen of some intestinal loops that wrap
WMP particles (Fig. 6, line C). No presence of infiltrating inflammatory
tissue was anyway observed at the level of the developing gut mucosa.
At the level of the gill basket no wMP particle has been observed
(Fig. S4).

SEM observation of isolated intestinal tube of Xenopus embryos
exposed to 100 mg/L F1 and F2 has confirmed the accumulation of
heterogeneous shaped and sized wMP particles in the digestive tract,
which were so abundant to stuff the lumen (Fig. 7). The particles were
found to be enclosed in a mucus coating and besides to pressing the
microvilli of the enterocytes, some fibre-shaped and pointed fragments
were wedged in the epithelium.

4. Discussion

MPs are recognized to pose a serious threat to various aquatic or-
ganisms, from detritus feeders to filter feeders and predators that,
accidentally or intentionally, ingest them due to the similarities of these
particles, so heterogeneous in size, shapes and colours, with their nat-
ural food sources (Botterell et al., 2019; Lusher, 2015).

The right concern that these plastic particles can accumulate in the
digestive tract and starve wildlife triggered a rapid increasing number of
studies especially focusing on the hazard deriving from the oral expo-
sure route (Carbery et al., 2018).

Although these investigations still require attention to elucidate the
modality of interaction of MPs with gut and the resulting mechanical
and metabolic damage as well as the transfer of smaller particles to other
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Fig. 3. Electron Microscopy analysis of wMPs. Panel
A: SEM representative images at low and high
magnification of F1 and F2 particles. It is possible to
observe heterogeneous shapes and dimensions and the
irregular surface of wMPs with the presence of sub-
micrometric particles deposited on them (arrows).
The high magnification of F2 corresponds to the white
dotted area in low magnification image. Panel B: TEM
images of F1 and F2 fractions ultrafine slices and
corresponding EDX analysis in STEM mode (square
selection and elemental maps). F1 fraction shows the
presence of nanoparticles inside material of min Feret
diameter around 100-200 nm (arrows) and the F2
fraction shows particles of min Feret diameter of 1 um
or less. The elemental composition of both fractions
confirm the presence of Ti, Pb, Fe and Si in nano-form
(F1 fraction) or distributed in the material (Al, Pb, Fe
and Si in F2 fraction).
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Fig. 4. Embryotoxicity of wMPs evaluated by FET. Panel A: mortality and malformation rates in 96 hpf embryos after exposure to F1 and F2 fractions (0.1-100 mg/
L). On the right, representative stereomicroscopy images of a control embryo and a F2 exposed embryo at the end of assay (96 hpf). Panel B: daily and cumulative
percentage of hatched control and wMPs exposed zebrafish embryos during FET. On the right, fluorescence stereomicroscopy representative images of control and F2
exposed zebrafish embryos at 24 hpf obtained by merging the red and green channels with bright field photographs. In wMP treated embryos, chorion surface is less
smooth and transparent than in control and fluorescent wMP spots are observable. All values in the graphs are given as mean =+ SE of three independent assays.
*p < 0.05, * * p < 0.01 indicate statistical difference from control (Chi-squared test). Scale bars = 500 um.

organs, it is important to advance knowledge on MP impact on embry-
onic life stage, before exogenous feeding, when the delicate phase of
organogenesis is taking place. Moreover, on those aspects, almost none
studies evaluated the impact of environmental secondary MPs deriving
from wastes.

Thus, considering that of all the plastic produced less than 10% is
recycled and the rest, if not destined for waste-to-energy, ends up into
the environment (Alimi et al., 2018; Geyer et al., 2017), in this study we
involved the finest MPs (100-50 pm and < 50 um) retrievable by the
mechanical fragmentation and sieving of non-reusable miscellaneous
plastic waste. After a detailed P-chem characterization of the wMPs, we
reported their effects on early development of two model organisms,
D. rerio and X. laevis, widely exploited for (eco)toxicological studies on
freshwater vertebrates under laboratory conditions.

The wMPs appear to share similarities with environmental MPs as
referred to their chemical nature and morphology, without substantial
differences between the two dimensional fractions considered. First of
all, as suggested by FEitzen et al. (2019), the environmental relevance of
the plastic materials tested should be one of the requirements for toxi-
cological studies. According to FTIR and Raman analyses, our wMPs are
mainly composed of PE and PP, a mixture of polymers highly repre-
sentative of environmental MPs (Law, 2017).

The prevalence of these polymers was evidenced also in fragmented
plastic samples collected on the beaches of known plastic accumulation

areas such as the North Atlantic (El Hadri et al., 2020) and North and
South Pacific Ocean gyres (Pannetier et al., 2020). In addition, accord-
ing to the origin of the starting plastic materials, some of the analysed
wMP specimens showed a certain level of degradation such as oxidation,
an aging process typical of environmental MP samples caused by at-
mospheric agents (Chen et al., 2019; Song et al., 2017). In this regard,
testing in the laboratory a mixture of MPs composed of the most abun-
dant polymers in the environment rather than a single commercial
polymer, represents an innovative aspect of this study, which adds to the
other environmentally relevant properties highlighted by the morpho-
logical characterization. Indeed, the heterogeneous shapes, the irregular
surface texture and the highly variable particle size of our wMPs, are
morphometric characteristics comparable to those of MPs sampled in
the environment or extracted from the intestine of oceanic fish (Pan-
netier et al., 2020; Wang et al., 2017). Similar polymorphic MPs have
also been reported by studies focusing on the standardization of pro-
cedures for the preparation of realistic MP suspensions, which are
strongly recommended to improve the representativeness of aquatic MP
laboratory research (Eitzen et al., 2019; El Hadri et al., 2020; Gigault
et al., 2016). Another noteworthy result related to the surface of our
wMPs is the presence of smaller particles with sub-micrometric di-
mensions attached to larger fragments, which leads us to hypothesize
that this aggregation is due to wMP electrostatic and hydrophobic in-
teractions, property that can be exploited to separate MPs from
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environmental samples (Felsing et al., 2018). This wide heterogeneity is
highly representative of an environmental exposure, where MPs un-
dergo to progressive size reduction, resulting in defragmentation into
nanoplastics with diameter < 1 ym. These nanoscale plastic particles
could be a significantly hazardous component even if hardly detectable
in the environment (El Hadri et al., 2020; Ter Halle et al., 2017). In our
case, the TEM-EDX analysis of F1 showed the presence of Ti, Pb, Fe, Si
alone or combined in nanoform of min Feret diameter around
100-200 nm (Fig. 3 B, F1). In F2, elements such as Al, Pb, Fe and Si were
mainly distributed inside the plastic particles. These particles a few pm
in size or in the nanoscale could be even more harmful for organisms due
to the greater ease of translocation through biological barriers and dis-
tribution with the circulatory system to the different tissues as demon-
strated in mussels and zebrafish exposed to PS nanospheres (Browne
etal., 2008; Lu et al., 2016; Pitt et al., 2018). Taking into consideration
that our different polymeric wMPs also contain additives, impurities or
degradation products used in the production process of the initial plastic
materials, we verified that they show fluorescence emission at different
wavelengths. This rarely used visualization strategy can be useful for
detecting and isolating MPs from environmental samples (Fu et al.,
2020; Savoca et al., 2020) but has also been proven well suitable for
tracking wMPs in whole zebrafish and Xenopus embryos.

Based on FET and FETAX results, neither lethality nor phenotypic
alterations were observed in neither zebrafish nor Xenopus embryos even
at the highest F1 and F2 concentration tested. These results are in line
with those obtained in zebrafish and Xenopus embryos exposed to
commercial nano e microplastics that despite being distributed from the
yolk sac to different organs or ingested did not affect survival and
development (Batel et al., 2018; De Felice et al., 2018; Pitt et al., 2018).
However, zebrafish embryo treatment with high PS nanoplastic con-
centrations via injection or waterborne exposure resulted in growth
inhibition, increased frequency of malformations, hypoactivity and
changes in neural and ocular genes expression (Zhang et al., 2020).
Moreover, an anomalous embryonic development in two species of sea
urchin and a slowdown of ascidian juveniles’ metamorphosis were
observed after external exposure to virgin PE pellets or after ingestion of
PS beads (Messinetti et al., 2018; Nobre et al., 2015).

As regards the length of Xenopus embryos, recognized as one of the
most sensitive indicator of developmental toxicity (ASTM, 1998), wMPs
have led to a faint biphasic response related to the concentrations. This
glimpses a possible hormetic effect that has been previously observed in
developing amphibian exposed to other environmental stressors such as
pesticides or metal oxide nanoparticles (Bolis et al., 2020). In particular,
the stimulation of growth could be explained as an adaptive stress
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wMP FRACTIONS
CONTROL F1 F2

Fig. 6. Histological transversal sections of 96 hpf Xenopus laevis and zebrafish embryos at 96 hpf. Low magnification representative images H&E stained of whole
X. laevis embryosshowing that the localization and morphology of primitive organs in the abdominal cavity such as liver (L), pancreas (P), oesophagus-stomach
transition (S) and intestine are not altered in wMP treated embryos compared to control. B) Magnification of an intestinal loop of a Xenopus embryo showing
that several wMP particles (*) are visible into the lumen, mainly attached to the surface of the lining epithelium, where they appeared to result in mechanical
damage. C) PAS stained sections evidencing that mucus (arrows) is abundant and wrap wMPs in the F1 and F2 treated embryos. D) Magnifications of representative
images of zebrafish embryos middle segment of intestine. No wMPs are detectable in intestinal lumen and intestinal epithelium is not altered in wMP treated embryos
compared to control. (A-C) Scale bars = 100 um. (D) Scale bars = 50 pm.
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Fig. 7. SEM analysis of intestinal tube iso-
lated from control and F1 and F2 wMP
exposed Xenopus embryos. Representative
images of intestinal epithelium from a control
Xenopus embryo intestine (A, B) where the
columnar morphology of enterocytes and the
characteristic brush border facing to the
lumen can be appreciated. In the represen-
tative images of the intestine isolate from
embryos exposed to F1 (G, E, G, I) and F2 (D,
F, H, L), the wMP fragments are crammed
into the intestinal lumen and contact the
microvilli, causing mechanical damage and
hypersecretion of mucus that envelops them
(white and black asterisks). In G the detail of
a fibrous wMPs is visible that deepens in the
epithelium. The dotted lines in E and L mark
the wMP particles.



P. Bonfanti et al.

response to low, non-toxic concentrations of the environmental stressor.

Although not affecting the development of embryonic primary or-
gans, morphological and histological analysis evidenced that wMPs
interact with embryos’ structures in species-specific manner due to the
different morpho-functional peculiarities that characterize fish and
amphibian development.

In particular, wMP treated zebrafish embryos displayed a temporary
delayed hatching more marked in F2 fraction. By taking advantage of
autofluorescence properties of some wMPs, we observed F2 much more
than F1 particle aggregates attached to the chorion surface of 24 hpf
zebrafish embryos. This analysis underestimates the amount of particles
adhering to the chorion, as it does not highlight the non-fluorescent
ones. Taking this into account, more particles may have adhered to
the chorion, interfering with the mechanical tearing of the outermost
thin layer caused by the tail movements of the embryo. Alternatively,
the hatching delay could be attributed to a chemical action of the plastic
additives, such as flame retardants as suggested by Lema et al. (2007) or
of the metals present in both fractions. Reduced or delayed hatching has
been reported after exposure to several metal oxide nanoparticles and
attributed to the interaction of the nanoparticles with the zebrafish
hatching enzymes (Ong et al., 2014). Batel et al. (2018) also observed
that the 1-5 pm MPs accumulated more on the outer surface of the
zebrafish chorion than 10-20 um PE particles, but unfortunately did not
report hatching data. Duan et al. (2020) found that PS particles have a
high affinity for zebrafish chorions, causing a covering layer of PS par-
ticles on their outer surface. Since delayed hatching, more pronounced
with nano PS, was observed, they hypothesized that PS could modify the
mechanical properties of the chorions or affect the patency of their
pores, leading to a hypoxic microenvironment in the embryos. It remains
to establish if the wMPs effect on hatching is related to inhibition of
hatching enzymes, change in mechanical properties of chorions or to
environmental hypoxia and consequent impairment of embryo sponta-
neous movements.

No wMP fluorescent signals were instead observed in the periovular
fluid. As expected, due to the pore size (500-700 nm), the chorion was
found to be an effective barrier to all particles present in the two tested
fractions, including those with sub-micrometric size. Similar results
were reported in zebrafish embryos exposed to fluorescent PS particles
ranging from 25 to 700 nm, which were excluded from the passage
through chorion pores due to the surface charges or tendency to ag-
gregation (van Pomeren et al., 2017). The barrier function of zebrafish
chorions was also confirmed for nano PS in the diameter of 100 nm
(Duan et al., 2020). Conversely, fluorescent PS and latex particles of
about 50 nm used at low concentrations have proven to be able to
penetrate zebrafish and medaka chorion respectively, initially accu-
mulating in the yolk sac and later in other organs (Manabe et al., 2011;
Pittetal., 2018). These data suggest that the chorion represents a barrier
capable of protecting the embryo in the crucial early stages of devel-
opment from the impact with micrometric-sized MPs, while it does not
exclude the passage of nanometric ones if present at low concentrations
and not in aggregated form. Probably, the submicrometric particles
present in our wMPs remained aggregated to the larger ones on the
surface of the chorion or alternatively we were unable to map them with
light microscopy inside the embryo.

Even in the post-hatching exposure interval up to 96 hpf, wMPs did
not interact with the zebrafish embryonic tissues such as gills, epidermis
or intestine via ingestion as confirmed both by microscopy observation.
Similar results were obtained in zebrafish embryos treated with virgin
and benzo [a] pyrene loaded MPs that after hatching remained mainly
attached to the fish chorion, while not at all were found on the larval
surface and only occasionally appeared within the gastrointestinal tract
at 96 hpf (Batel et al., 2018). The absence of MP ingestion is consistent
with the morpho-functional characteristics of the zebrafish embryo in
the exposure window set by the FET protocol, in which the autonomous
feeding is not yet active being the intestine not completely differentiated
with the anus still closed and the yolk still available (Ng et al., 2005).
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Consequently, uptake of the wMPs via the oral route cannot take place.
Instead, by prolonging the exposure to 120 hpf, when the intestinal tract
is a completely open-ended tube, the oral uptake of plastic particles
becomes predominant as described by van Pomeren and colleagues
(2017).

On the other hand, considering the amphibian Xenopus, the wMPs
did not interfere with the hatching of embryo from the fertilization
envelope that acts as a protective barrier up to stage 28 (32 hpf).
Conversely, we found in a previous study that nanomaterials such as
branched polyethyleneimine coated silver nanoparticles were able to
modify fertilization envelope reducing and sometimes preventing Xen-
opus embryo hatching (Colombo et al., 2017). In the post hatching
period, starting from stage 39-40 (56-66 hpf) when the stomodeum
opens, Xenopus embryos acquire a characteristic swallowing and grazing
behaviour facilitating intake of particles present in the surrounding
environment (Bonfanti et al., 2019; Colombo et al., 2017). This behav-
iour caused a not selective assumption of wMPs via ingestion as occurs in
aquatic filter feeding organisms such as copepods, cladocerans and
ascidian juveniles (Cole et al., 2013; Messinetti et al., 2018; Rist et al.,
2017).

The wMPs fluorescence optical properties facilitated the visualiza-
tion of fluorescent spots in the intestinal lumen of whole embryos,
discriminating them from any other debris physiologically present even
in unexposed embryos. Histological and SEM analysis confirmed the
presence of heterogeneous sized and shaped particles in the gut lumen
and their interaction with the intestinal epithelium. wMPs, without any
difference between F1 and F2 fractions, were visible close to or lying on
the thin microvilli of enterocytes and sometimes entangled between
them as evidenced by SEM images. This suggests a mechanical friction of
wMPs on the apical surface of epithelium during intestinal transit
depending on their irregular shapes, thus triggering an inflammatory
response. It is well established that perturbed conditions such as in-
fections or mechanical injury can induce mucin hypersecretion by goblet
cells as a first defence strategy in mammals and fish (Cornick et al.,
2015; Peda et al, 2016). A gut responsiveness in terms of a
hyper-secretion of mucus that trapped and enveloped wMPs in Xenopus
embryos gut was observed. The property of mucus to entrap particles
could avoid their contact with enterocytes’ microvilli and protect the
underlying tissues. Such a role had been highlighted in a previous study
on ex-vivo pig ileum mucus blanket by implemented atomic force mi-
croscope, which proved to be able of binding and trapping particles up
to 15 pum in size (Sotres et al., 2017). The mucus trapping ability has
been also observed towards plastic microfibers in other mucus secreting
epithelia such as the skin of Sardinia pilchardus juvenils (Savoca et al.,
2020). This finding shows how the mucus hypersecretion is an effective
defence strategy already in developing Xenopus embryos, and confirms
this model as a promising alternative to the use of adults in ingestion
toxicology of environmental particles (Bonfanti et al., 2019).

To the best our knowledge, this is the first study that has investigated
the interactions of environmentally relevant MPs from waste with Xen-
opus embryos’ intestinal epithelium at histological level. In a previous
study, De Felice and collaborators (2018) evidenced the ingestion of
commercial 3 um PS beads by Xenopus embryos which, although clog-
ging the lumen, did not cause any mechanical damage to the intestinal
wall. Our results also confirm that wMPs induced slight damages to the
intestinal epithelium, contrary to what we observed in Xenopus embryos
exposed to more reactive metal-based nanoparticles (Bacchetta et al.,
2012; Bonfanti et al., 2015; Colombo et al., 2017).

However, the mucus hypersecretion observed in this study highlights
that the irregular shapes of the wMP fragments with sharp edges and
rough surfaces and fibre-like structure can represent a physical risk for
organism compared to those with spherical smooth shape, confirming
the results of previous studies in adult fish (Jabeen et al., 2018). SEM
images, where some wMPs appear even inserted into the epithelium,
also support this idea.

Furthermore, no evidence that the two wMP fractions could invade
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Xenopus embryos by routes other than the gastrointestinal tract were
obtained. The same results were obtained also in zebrafish embryos
exposed to PS MPs between 72 and 120 hpf, where the oral route was
identified as the main one while skin exposure only marginally
contributed to uptake and subsequent biodistribution (van Pomeren
et al., 2017). In contrast, PS 70 nm nanoplastics, unlike PS 50 um, were
able to penetrate muscle tissue through the epidermis of the goldfish
Carassius auratus larvae, causing damage to muscle and nerve fibers
(Yang et al., 2020).

For Xenopus embryos, the ingestion of environmentally relevant
waste MPs does not interfere with growth as long as vitelline platelets
are present in the enterocytes, but after 120 hpf the persistence of MPs
knots in the gastrointestinal tract could cause obstruction leading to
feeding impairment and death as described in A. obstetricans tadpoles
feeding (from day 5) on periphyton contaminated with MPs (Boyero
et al., 2020).

In addition, mucus hypersecretion could alter the physiological
diffusion of ions and nutrients as well as the equilibrium of commensal
bacteria, which in turn may contribute to chronic inflammatory dis-
eases. For zebrafish embryos, the wMPs mainly impact by delaying
hatching which may affect predatory escape behaviour and the later
larval developmental stages, thus finally mining the fitness of the
species.

5. Conclusion

In conclusion, wMPs obtained from miscellaneous plastic wastes and
representative of environmental MP were characterized, confirming the
highly heterogeneous size, morphology and composition, with PE and
PP as main polymers. Submicrometric particles, as well the presence of
metals and other organic co-contaminants are additional peculiarities of
these MP samples. However, our results suggest that the effects of these
complex materials are likely related to the shapes, texture surface and
size of plastic particles rather than their chemical composition. Although
wMPs did not severely interfere with early developmental processes and
morphogenesis in zebrafish and Xenopus, they were able to establish
specific biointeractions, depending on the peculiar structures and timing
of the developmental patterning of the two species.

First, we demonstrated that wMPs are able to adhere to zebrafish
chorion and delay hatching in a size and concentration dependent
manner, without penetrating it, and confirming its role as an efficient
physical barrier to micrometric plastic particles. Neither the epidermis
nor the ingestion represented significant exposure route for zebrafish
embryos to wMPs.

Instead, Xenopus embryos become more susceptible to wMPs expo-
sure by ingestion during development. Due to swallowing behaviour,
gastrointestinal tract was found to be the target organ of wMPs in this
embryo model. The particle accumulation in the digestive diverticula
likely produced a mechanical stress at the intestinal epithelium, result-
ing in blind morphological lesions and in an overproduction of mucus,
which attests an irritation response of this tissue. These effects, occur-
ring during development, may endanger the intestinal microenviron-
ment, influence the organism’s ability to feed and finally the possibility
to correctly develop through larval and metamorphosis processes.
Nevertheless, further experiments would be needed to evaluate changes
in gene expression or metabolism to fully understand the toxicity of
these wMPs.

In conclusion, the results of the present study strengthen the need of
improving the knowledge on the biointeractions and mechanistic toxic
effects of smaller MPs, including nanoplastics, from environmentally
relevant waste plastic mixtures.
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S1: Chemicals

All analytical-grade reagents, human chorionic gonadotropin (HCG), 3-amino-benzoic acid
ethyl ester (MS222), hydrochloric acid, nitric acid, ethanol, hydrogen peroxide and Triton X-
100, reagents for histology and scanning and transmission electron microscopy analysis, salts
for FETAX and FET solution, except Instant Ocean (Aquarium systems, Sarrebourg, France)
were purchased from Sigma-Aldrich S.r.1, Italy.

S2: Production of waste plastic granules and microparticles

Plastic wastes of miscellaneous origin were collected, separated manually from the eventual
metallic parts and then transferred to a plastic recycling plant, where, after washing and controlled
flotation, were mechanically fragmented to obtain plastic granulates (Figure S1 A). Granulates were
additionally milled and grinded to achieve fine plastic granules with size less than 3 mm (Figure S1
B).

The plastic granulates obtained were transferred to the laboratory and mechanically sieved using
stainless steel sieves with decreasing mesh sizes (1 mm — 500 pm — 250 um — 150 um — 100 pm —
50 pum). The residual fraction from each sieve was stored in glass vials (Figure S1 C) to perform
ATR-FTIR analysis.

—

<1 mm <500 pm <250 ym <150 pm <100 ym <50 um

wMPs >500 pm - >250 pm >150 pm >100 pm >50 pm

Figure S1. Waste microplastic (WMP) granulates. Large plastic granulates obtained by mechanical
fragmentation of collected plastic waste (A), fine plastic granules with size less than 3 mm (B)
achieved by additional milling and residual wMP fractions recovered after sieving (C). It is
appreciable the decreasing graininess in all fractions. The two finest wMP fractions named F1 and
F2 were used for chemical-physical and toxicological analyses.



S3: Animals

Wild-type (AB strain) zebrafish were maintained in a breeding colony at University of Milano-
Bicocca, Dept. of Environmental and Earth Sciences (Italy), according to standard zebrafish
breeding protocols. Adults were maintained at 28 °C with a lighting schedule of 14 h light and 10 h
dark in a closed flow-through system (TECNIPLAST, BUGUGGIATE Italy). Water supplied to the
system was filtered by reverse osmosis (pH 7.5-8), and Instant Ocean® salt was added to the water
to raise the conductivity to ~1500 S/cm (system water).

Zebrafish embryos were obtained from natural spawning of adult wild-type AB line zebrafish pairs.
Two pairs of breeders were located in breeding tanks (n=3) and separated by sex with a barrier
overnight (ON). The next morning at the onset of light, the barrier was removed and adults were
allowed to mate. Fertilized eggs from each tank were collected in a strainer within 30 min after
mating, rinsed several time in FET solution to eliminate faeces and scales, then selected under a
stereomicroscope (Zeiss, Germany) to remove unfertilized eggs and damaged embryos.

Table S1. Functional groups at the corresponding FTIR spectra

Wavenumbers (cm-') Assignment Detection in samples
3200 — 3450 OH - stretching (intermolecular) 2
2950 C-H stretching (PP) 21
2916 C-H asymmetric stretching (PE) 24
2840 C-H aymmetric stretching (PE)
C=0 stretching (possible
1719 oxidati(%n()p 7
1635 CY%C (alkene) 3
1466 CH bending (alkane) 24
1380 OH bending 2
1377-1366 C-H bend; CH, and CH; groups 23
1352 C-H bend; CH» a?d CH; groups 3
wagging
1306 Twisting deformation 7
1170 Wagging deformation 10
1167 C-O 6
1017 9
997 C%C (alkene) 3
973-968 CY%C (alkene) 16
874-879 19
730-719 CH: rocking 24
Note:

Numbers reported in the “Detection in samples” column are the frequencies that the specified peak
might be observed in the 24 analysis (four aliquots from each of the 6 fractions)

Table S2. TXRF result for wMP F1 and F2 fractions

F1 F2

Atomic Element mg/g SD RSD (%) mg/g SD RSD (%)
numbe
r




20 Calcium 0.3893 0.0409 10.5198 3.3442 0.3713 11.1031
22 Titanium 0.0036 0.0014 39.023 0.0124 0.0021 16.8583
24 Chromium 0.0033 0.0005 14.3312 0.0140 0.0022 15.5668
26 Iron 0.0993 0.0057 5.7700 0.3886 0.0338 8.6990
28 Nickel 0.0011 0.0003 26.1586 0.0094 0.0014 14.4602
29 Copper ND - - 0.0164 0.0022 13.2366
30 Zinc 0.0085 0.0012 14.1373 0.0257 0.0036 13.9178
82 Lead 0.0141 0.0005 3.8858 0.0244 0.0035 14.4460
Note:

The following elements were considered for spectrum deconvolution: Aluminium, Sulfur, Calcium, Titanium,
Chromium

Manganese, Iron, Nickel, Copper, Zinc, Bromine, Strontium, Zirconium, Palladium, Silver, Tin, Antimony, Barium,
Gold, Lead. The amount of single elements is expressed as mg of the element per unit (in gram) of the starting material.
All values are presented as the mean +standard deviation (SD) and the percent relative standard deviation per each
element (% RSD). ND= Not Detectable

Table S3. D)o, Dso and Dy values for the volume size distribution of the wMPs fractions F1 and F2.

Dx (10) (um) Dx (50) (um) Dx (90) (um)
F1 79.523 £0.515 192.443 +5.967 662.851 £77.253
(ethanol)
F2 31.047+0.029 60.682+0.236 141.659+4.660
(ethanol)
F1 62.830 £0.978 118.010 £1.908 241.540+10.445
(Triton X-100)
F2 29.618 +£0.161 59.595 +0.640 127.334+8.933
(Triton X-100)

Note:

Dso represents the average particle size, which means 50% of the particles' size was below the
reported value.

Diy and Dy mean that 10 and 90% of the particles' size were less than the corresponding values,
respectively.

Data are referred to average+SD of five replicates.

Table S4. Median hatching time (HTs) of zebrafish embryos at different concentrations of wMPs

(mg/L)
Control 0.1 1 10 100
F1 68.66 + 7.45 67.21+£3.22 68.99+028* 70.84 £2.32%
65.89 +£1.74
F2 69.98 £10.19 7430+4.4*  72.51+334*% 7454+1.79*

Note:
HTS50 stands for time, expressed as hpf, required for 50% hatching of embryos



All values are presented as the mean +standard deviation
*p<0.05 versus the control group.

Embryo lenght (mm)
(98]

Control| 0.1 1 10 100 0.1 1 10 100

F1 F2
Treatment group (WMPs mg/L)

Figure S2. Head-tail length in 96 hpf zebrafish embryos after exposure to F1 and F2 fractions (0.1-
100 mg/L). All values are given as mean + SE of three independent assays. (*) statistically different
from control (p < 0.05, ANOVA + Fisher LSD Method).



wMP FRACTIONS
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Figure S3. Histological transversal sections of Zebrafish embryos at 96 hpf. A) Representative
images of whole embryos at level of intestine stained with H&E. B) Magnifications at different
level of intestine (from intestinal bulb to mid-intestine). No wMPs are detectable in intestinal lumen
and no differences in the histological differentiation are appreciable. SB = Swim bladder; In =
Intestine; YS = Yolk sac. Scale bars = 50 pm.



wMP FRACTIONS

Figure S4. Histological transversal sections of stage 46 (96 hpf) Xenopus laevis embryos.
Representative images stained with H&E at level of gill basket (GB) (line A) and velar plate (VP)
(B). No wMPs are detectable in these anatomical regions. Scale bars = 100 pm.
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